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A Study  of  mesophase  formation  in  acenaphthylene  was  undertaken  in  an 
attempt  to  determine  the  effect  of  gas  bubble  percolation  during  pyrolysis 
on  the  mesophase  microstructure.  Samples  of  acenaphthylene  approximately 
20  g in  size  were  pyrolyzed  in  test  tubes  to  various  temperatures  between 
400®C  and  500’C.  Examination  of  the  pyrolysis  residues  revealed  that 
mesophase  spheres  up  to  14  pm  in  diameter  were  formed  during  heating 
acenaphthylene  to  404*C.  During  heating  to  450‘’C,  the  spheres  grew  in  size 
and  coalesced  to  produce  regions  of  fluid  coalesced  mesophase  up  to  2 mm 
in  size.  Complete  conversion  to  the  mesophase  occurred  between  466®C  and 
500°C.  The  mesophase  produced  from  acenaphthylene  was  found  to  contain  a 
small  amount  (<^20%)  of  the  fine  fibrous  microstructure  characteristic  of 
good  needle  cokes  used  in  gcaphite  manufacture. 

Acenaphthylene  samples  about  20  mg  in  size  were  pyrolyzed  on  a micro- 
scope hot  stage.  Mesophase  formation,  coalescence,  and  deformation  due  to 
gas  bubble  percolation  was  observed  directly  at  pyrolysis  temperatures 
between  413^C  and  455®C.  After  mesophase  formation  began  at  413*0,  gas 
bubble  percolation  through  the  sample  was  found  to  cause  coalescence  of 
mesophase  droplets,  formation  of  defect  structures  in  coalesced  droplets, 
and  deformation  or  stretching  of  the  coalesced  mesopliase. 
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THE  EFT'ECT  of  CAS  BUBBLE  PERCOLATION  ON  THE  CARBONACEOUS  MESOPHASE  PRODUCT 
FROM  ACENAPHTHYLENE 


This  report  presents  the  results  of  a study  of  the  formation  of  the  carbonaceous 
mesophase  during  tlie  pyrolysis  of  the  hydrocarbon  acenaphthylene.  The  work  was 
primarily  directed  toward  determination  of  the  influence  of  gas  bubble  percolation 
on  mesophase  formation  and  coalescence  of  mesophase  droplets.  A literature  survey 
of  the  characteristics  of  the  carbonaceous  mesophase  is  also  included  in  the  report. 
Both  the  literature  survey  and  experimental  work  was  submitted  by  the  author  to  the 
University  of  Maryland  Graduate  School  as  a thesis  in  partial  fulfillment  of  the 
requirements  for  a Master  of  Science  degree. 
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CllAl’TKR  I 
rN'TR0DUCT10:«J 
A.  BACKC.ROUN’I) 

The  importaiK-o  of  maiui  fac  t u roJ  graphiti.'  as  a higii  tompo  rat  lire  malerial  is  dui> 
to  its  oomblnat Lon  of  motallio  and  nonmot a 1 1 in  proportios,  and  t ho  larj;o  varioly  of 
proport  ios  obtainable  throngli  variations  in  tho  inio  ros  t rnc  t uro . Mamif  act  iirod 
Straphito  matoriais  aro  "polyorystal 1 ino" , sinco  t bov  aro  oomposod  of  aroas  with  a 
near  perfect  graphiti-  crvstal  straotiiro  (these  aroas  aro  called  crystallites)  con- 
nected by  areas  of  amorphous  carbon.  The  crystallites  are  composed  of  parallel 
lavers  of  carbon  atoms.  Each  layer  contains  carbon  atoms  arranged  in  a liexagonal 
pattern.  The  term  "amorplious  carbon”  is  used  to  describe  the  manv  disordered  forms 
of  carbon  whose  structure  and  properties  are  intermediate  between  the  two  extremes 
represented  by  natural  graphite  and  diamond.  i\morphous  carbon  may  also  consist  of 
small  groups  and  in  some  cases  ribbons  of  carbon  layer  planes  of  varying  sizes  with 
little  t liree-d imensiona 1 order.  The  properties  of  po  1 vc rvs ta 11 ine  or  manufactured 
graphites  are  determined  by  the  size,  shape,  orientation,  and  defect  structure  of 
the  crystallites,  and  the  nature  of  the  amorphous  carbon  regions  holding  the  crys- 
tallites togetiier. 

The  polycrystalline  structure  of  manufactured  grajihites  is  developed  during 
heating  certain  carbon  based  (organic)  materials  sncli  as  petroleum  pitches  to  tem- 
pL-ratures  as  high  as  2800°C.  Tliis  lieating  process  is  called  "graphitizat  ion” , and 
it  results  in  the  formation  of  crvstal lites  wliose  three-dimensional  structure  is 
similar  to  tliat  of  tlie  ideal  graphite  crvst  al  structure.  Since  the  graplii t i zat ion 
process  produces  a polvc rvs ta 1 1 ine  material,  it  is  necessarv  to  define  a method  to 
distinguish  betwen  materials  whose  crystallites  iiave  different  degrees  of  disorder. 
The  term  "di-gree  of  graphi t izat ion”  is  used  to  indicate  the  relative  degree  to  which 
tho  crvstallite  structure  developed  during  graphi t izat ion  approaches  the  ideal 
structure  of  single  crystal  gra)ihite.  An  ideal  graphite  crvstal  has  an  interlayer 
spacing^  (crystal  semilattice  spacing)  of  0.3150  nm.  Interlayer  spacings  from 
0.3350  to  0.1354  nm  have  been  reported-'-^  for  natural  graphite.  Organic  materials 
whii'h  develop  an  average  interlaver  spacing  less  than  0.3360  nm  during  graphitiza- 
t ion  (heating  to  2800°C)  usually  considered-  to  be  "graphi 1 1 z ing  organics”.  A 
graphitizing  organic  is  said  to  form  a "well  ordered  graphitic  structure”  on  heating 
to  2800°0  or  to  have  a high  "graph i t izabi 1 i tv” . In  contrast  to  the  above  discussion, 
an  organic  heated  to  2800°C  which  develops  an  average  interlayer  spacing  greater 
than  0.3360  nm  raav  be  classified  as  a "non-graphit izing”  organic,  since  the  higher 
interlayer  spacing  indicates  a large  number  of  defects  in  the  crystallites.  Sucli  a 
material  would  have  a low  degree  of  graph  it i zat ion . 

The  average  stacking  height  of  the  layer  planes  in  crystallites  is  also  used 
as  an  indie. ition  of  the  relative  degrei'  of  graphi  t iz<)  t ion . Kor  example,  acenaph- 
thvlene  is  a gr.iph  i t iz  i ng  organic.  It  ^iroduces  a graphitized  material  with  an 
averagi’  interlayer  spacing  ot  0.  3356  nm”  and  .an  average  crvst.illite  height  ot  .about 
45  nm.5  Non-graphit izing  organics  usuallv  have  an  aver.ige  crystallite  height  ot 
5 nm  or  less. 

I’vrolvsls  and  c.irbonizat  ion  are  two  additional  terms  iisial  frequently  in  the 
carbon  industrv.  Carbonization  is  del  ined  as  the  iiroci-ss  ol  conviut  ing  ,in  org.inic 
into  c.arbon  bv  he.at  tre.atmi'nt.  This  process  is  hd"  complete  .after  he.it  ing  to 
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1000‘’C,  ;iiui  carbonization  is  giMicrally  referred  to  as  a heat  treatment  to 
temperatures  in  the  range  of  1000  - 1200°c:,  Pyrolysis,  on  the  other  hand,  is  used 
to  describe  the  heat  treatment  of  organics  to  temperatures  less  than  500°C. 

it  must  be  remembered  that  tlie  classification  of  terms  as  described  above  is 
arbitrarv,  and  based  on  the  average  properties  of  a sample.  Due  to  the  nature  of 
polycrystalline  materials,  a manufactured  graphite  contains  small  regions  which 
could  be  classified  as  amorphous  carbon  (no  three-dimensional  order).  Likewise,  an 
organic  ilassified  .as  non-graphi t izlng  may  also  form  a small  number  of  nearly  per- 
fect graphite  crystallites  during  heating  to  2800°C. 

The  development  of  polvcrystal 1 ine  graphites  has  been  empirical  in  nature, 
since  the  fabrication  procedure  involves  the  carbonization  of  complex  carbon  based 
materials  (pitches  and  cokes)  of  unknown  chemical  composition.  As  a result,  little 
progress  has  been  made  in  developing  a scientific  basis  tor  control  of  the  micro- 
structure, and  theretore  the  properties,  of  graphitic  materials.  However,  it  has 
recentiv  been  shown^  that  the  microstructure  and  properties  of  graphitic  materials 
are  determined  by  tlu'  charac t er is t ics  of  an  ordered  fluid  which  is  formed  during 
the  pyrolysis  of  certain  pitcluus  and  hydrocarbons  used  as  precursors  for  manufac- 
tured graphite.  This  ordered  fluid  forms  in  the  370  - 500°C  temperature  range,  has 
many  of  the  properties  ol  a nematic  liquid  crvstal,  and  has  been  termed  the  "carbo- 
naceous mesophase". 

The  carbonaceous  mesophase  is  observed  initially^~9  as  optically  anisotropic 
spheres  of  micron  size.  These  spheres  grow  in  size  and  coalesce  with  increases  in 
heat  treatment  time  and  temperature  to  produce  an  optically  anisotropic  fluid, 
referred  to  as  the  coalesced  mesophase.  The  coalesced  mesophase  is  composed  of 
nearlv  parallel  layers  of  large  planar  aromatic  molecules,  with  no  three-dimensional 
order  and  numerous  stacking  defects.  This  ordering  of  planar  aromatic  molecules  is 
the  beginning  of  tlie  development  of  the  graphite  crystal  structure.  The  number  and 
kinds  of  stacking  defects  in  t ne  coalesced  mesophase  at  the  temperature  of  mesophase 
solidification  determines  the  tvpe  of  graphitic  crvstallites  formed  during  heating 
to  2800°C.  Therefore,  the  properties  of  manufactured  graphites  are  controlled  by 
tlie  ordering  developed  in  the  coalesced  mesophase  below  500°C. 

The  following  study  deals  primarily  with  the  general  characteristics  of  the 
carbonaceous  mesophase  produced  during  the  pyrolysis  of  acenaphthylene,  and  the 
affect  of  gas  bubble  percolation  on  the  mesopliase  microstructure.  A review  of  our 
current  understanding  of  the  physical  and  microstructural  characteristics  of  the 
carbonaceous  mesophase  is  given  in  Chapter  II.  This  review  Illustrates  tlie  impor- 
tance of  the  mesophase  in  determining  the  microstructure  and  properties  of  graphitic 
materials,  and  discusses  those  factors  which  are  known  to  affect  the  ordering  of 
molecules  in  the  carbonaceous  mesophase. 

B.  STATEMENT  OF  THE  PROBLEM 

Decomposition  and  dehvdrogenat ion  reactions  which  occur  during  the  pyrolysis 
of  mesophase  forming  organics  at  atmospheric  pressure  are  known  to  produce  large 
volumes  of  volatile  organics.  Since  tiie  mesophase  is  fluid,  the  form.ition  of  gas 
bubbles  in  the  mesophase-unt rans formed  pitch  mixture  and  the  stirring  action  of  tlie 
these  bubbles  as  thev  move  through  the  mesophase  would  be  expected  to  have  some 
Influence  on  the  mesophase  mic rest  rue ture . 
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Both  Dubois,  et  al.^^  and  White,  et  have  reported  that  gas  bubble 

percolation  in  the  completely  coalesced  mesophase  produces  a fine  texture  of 
extinction  contours  around  pores  formed  by  the  gas  bubbles.  This  fine  texture 
represents  both  stacking  defects  in  the  molecular  layers  and  folded  layers  in  the 
mesophase.  Thus,  the  microstructure  near  a pore  produced  by  gas  bubble  formation 
in  the  coalesced  mesophase  has  a structure  entirely  different  from  regions  at  some 
distance  from  the  pore.  Nucleation,  growth,  and  percolation  of  gas  bubbles  tlirough 
the  coalesced  mesophase  was  repor ted^O > ^ 1 > ^2  to  increase  the  density  of  molecular 
layer  stacking  defects  and  folds  by  several  orders  of  magnitude  when  compared  to 
samples  of  freshly  coalesced  mesophase.  It  was  postiilated  that  since  the  coalesced 
mesophase  is  a viscous  fluid,  gas  bubble  percolation  results  in  plastic  flow  and 
deformation  of  the  coalesced  mesophase.  The  strains  produced  increase  the  number 
of  defects  in  the  ideal  layer  structure  of  the  molecules  in  the  coalesced  mesophase. 

White  and  Price  have  also  reported^^  that  bubble  percolation  in  a fluid  coa- 
lesced mesophase  just  prior  to  mesophase  solidification  (see  Chapter  II,  Section 
C.2)  is  responsible  for  formation  of  the  fine  fibrous  microstructure.  The  fine 
fibrous  m.icrostructure  is  important  because  it  is  the  characteristic  microstructure 
found  in  highly  graphitizing  needle  cokes.  However,  the  studies  mentioned  above 
are  all  based  on  polarized  light  observation  of  mesophase  samples  cooled  to  room 
temperature.  There  is  no  direct  evidence  which  shows  the  influence  of  gas  bubbles 
on  the  mesophase  microstructure.  This  study  is  an  attempt  to  determine  by  direct 
observation  the  affect  of  gas  bubble  formation  and  percolation  on  mesophase  spheres 
and  on  the  microstructure  of  the  coalesced  mesophase  produced  from  acenaphthylene. 
Acenaphthylene  was  selected  for  study  since  it  is  known  to  form  the  mesophasel^, 16 
and  produces  a well  ordered  graphite^  on  heating  to  2800°C.  Since  the  chemical 
reactions  which  occur  during  the  pyrolysis  of  acenaphthylene  are  known, interpre- 
tation of  the  results  will  be  more  meaningful.  It  is  hoped  that  the  results  will 
identify  some  additional  factors  which  determine  the  characteristics  of  the  meso- 
phase microstructure.  Control  of  the  microstructure  of  the  coalesced  mesophase  will 
allow  one  to  control  or  tailor  the  properties  of  manufactured  graphitic  materials. 
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CHAPTER  II 

REVIEW  OF  THE  LITERATURE 
A.  IMPORTANCE  OF  THE  FLUID  STATE 

It  has  long  been  recognized  that  pitches,  polymers,  and  hydrocarbons  may  be 
divided  into  two  groups:  (1)  those  which  graphitize  or  form  three-dimensional 

order  on  heat  treatment  to  2800°C,  and  (2)  those  which  do  not  graphitize.  Materials 
which  graphitize  are  known  to  exhibit  regions  of  optical  anisotrophy  when  observed 
under  polarized  light  after  carbonization.  Ramdohrl^  ^as  one  of  the  first  investi- 
gators to  report  in  detail  on  the  optical  anisotropy  of  graphitizing  materials  which 
had  been  heat  treated  above  500°C.  He  used  the  terra  "mosaic"  to  describe  the 
observed  microstructural  features. 

After  Ramdohr's  paper  in  1928,  numerous  investigators  described  the  optical 
anisotropy  of  graphitizing  materials  (mostly  coals)  which  had  been  heat  treated 
above  500“C.  However,  little  progress  was  made  in  relating  the  microstructural 
characteristics  of  graphitizing  materials  to  the  processes  which  occur  during  car- 
bonization until  Mackowsky ' s^®  work  was  published  in  1951.  She  observed  that  the 
size  of  tlie  optically  anisotropic  regions  in  thermally  treated  coals  was  dependent 
upon  the  degree  of  plasticity  which  developed  during  heating  from  room  temperature 
to  550°C.  Although  numerous  papers  were  published  describing  the  "mosaic"  struc- 
ture of  carbonized  materials,  little  interest  was  developed  in  the  microstructural 
clianges  which  occur  during  the  heat  treatment  of  graphitizing  materials  in  the 
temperature  range  below  500°C.  The  importance  of  the  microstructural  changes  which 
occur  during  this  temperature  range,  and  the  potential  of  microscopy  as  a method  of 
documenting  these  changes  was  not  fully  realized  until  the  late  Fifties  and  early 
Sixt ies . 

In  a series  of  investigations  by  Kipling,  et  al.,20  and  later  by  Kipling  and 
Shooter , 21 , 22 , 23  the  significance  of  the  existence  of  a fluid  state  during  carbon- 
ization was  established.  Polymers  and  hydrocarbons  which  could  be  classified  as 
graphitizing  were  shown  to  be  optically  anisotropic  after  a 700°C  heat  treatment, 
indicating  that  some  degree  of  molecular  orientation  had  occurred  during  the  earlv 
stages  of  carbonization.  The  existence  of  the  fluid  state  during  carbonization  was 
postulated  by  Kipling  and  co-workers  and  later  by  Ihnatowicz,  et  al.2'^  to  permit 
the  molecuiar  orientation  necessary  for  the  development  of  a graphitic  structure. 

The  existence  of  a fluid  state  during  the  early  stages  of  carbonization 
(400  - 500°C)  is  necessary  if  the  material  is  to  develop  a higiily  graphitic  struc- 
ture on  heat  treatment  to  2800°C.25  extent  or  degree  of  molecular  mohilitv  in 

the  400  - 500°C  temperature  range  determines  the  extent  of  formation  of  crvslalline 
preorder,  and  therefore,  the  graphitizability  of  tlie  material.  Organic  materials 
which  do  not  go  through  a state  of  fusion  during  pyrolysis  at  400  - 500°C  produce 
non-graphitizing  or  disordered  carbons.  There  are  exceptions  (i.e.,  materials 
which  do  not  fuse  but  graphitized  on  heat  treatment  to  2800°C) ; but  in  each  case 
reported,  either  metal  catalysts  were  present  or  some  form  of  "stress  carbonization" 
or  "stress  graphi t iza t ion"  was  employed. 
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B.  MESOPHASK  SPflERE  FORMATION’  /\ND  (.KOWTH  DURING 
PYROI.YSIS  OF  HYDROCARBONS 

1 . G e II e r a 1 _M i i^r ostructural  Characterlst  1 cs 

In  1961,  Taylor^^  discovered  that  graphitizing  organics  can  exist  in  a state 
wiiose  structure  is  intermediate  between  that  of  an  isotropic  fluid  and  a crystalline 
solid.  This  ordered  fluid  was  found  to  exist  in  the  400  - 500°C  temperature  range, 
and  was  investigated  in  detail  by  Brooks  and  Taylor^~^  during  the  pyrolysis  of 
organics  such  as  naphthacene  and  coke  oven  pitches.  Samples  of  organics  heated  to 
400  - 500°G  were  cooled  to  room  temperature,  sectioned,  polished,  and  observed  using 
polarized  light  microscopy.  The  observations  made  on  samples  heated  to  different 
temperatures  may  be  described  as  follows.  As  the  temperature  was  increased,  the 
organic  material  melted  to  form  an  isotropic  fluid  which  developed  a pitch-like 
nature  due  to  decomposition  of  the  starting  material.  Molecular  rearrangements  and 
condensation  reactions  occurred  to  form  large  polynuclear  aromatics.  At  tempera- 
tures above  400°C,  optically  anisotropic  spheres  of  micron  size  began  to  appear  in 
the  isotropic  pitch  (see  Figure  1).  The  temperature  required  for  sphere  formation 
varied  with  the  original  chemical  composition  of  tlie  organic  being  pyrolyzed,  but 
was  usually  in  the  range  of  400  - 450°C. 

Increases  in  heating  time  or  temperature  of  the  material  in  which  the  spheres 
had  formed  resulted  in  nucleation  of  new  spheres  and  growth  of  spheres.  When  two 
or  more  spheres  made  contact,  coalescence  of  spheres  occurred  in  three  dimensions  to 
give  a more  complex  structure  (see  Figure  2).  Crowding  and  coalescence  of  spheres 
caused  deviations  from  the  spherical  shape  when  the  transformation  to  the  ordered 
fluid  was  more  than  50%  complete.  As  coalescence  of  spheres  became  extensive, 
growth  of  the  ordered  fluid  occurred  primarily  around  the  edges  of  large  regions  of 
coalesced  spheres  as  shown  in  Figure  3,  page  8 instead  of  through  sphere  nucleation 
and  growth.  The  process  of  sphere  growth  and  coalescence  was  continued  until  the 
isotropic  fluid  pitch  had  been  completely  converted  into  a viscous  "mosaic"  struc- 
ture (see  Figure  4,  page  8). 

2 . Mesophase  Sphere  Structure 

The  ordered  fluid  observed  by  Brooks  and  Tavlor^”^  during  the  pyrolysis  of 
graphitlzing  organics  has  many  of  the  characteristics  of  certain  types  of  "liquid 
crystals".  Therefore  the  term  "carbonaceous  mesophase"  or  "mesophase"*  was  selected 
to  describe  the  spheres  and  the  complex  mosaic  structure  formed  by  sphere  coales- 
cence. Both  the  spheres  and  the  mosaic  represent  a state  of  aggregation  with  prop- 
erties intermediate  between  those  of  an  isotropic  liquid  and  a crystalline  solid. 

Elemental  analysis , ^ infrared^’ and  ul t ravlo 1 e t ^ • 27  ;ihsorpt ion  spectros- 
copy, mass  spec t roscopy , nuclear  magnetic  resonance, and  molecular  weight 
det  erminat  ions*^' 27  ),ave  provided  conclusive  evidence  tliat  the  mesophase  spheres 
are  composed  primarily  of  polynuclear  aromatic  hydrocarbons. 

These  results  along  with  studies  by  Lewis,  Singer,  Edstrom,  and 
co-workers2  > 27, 32- 38  on  the  carbonization  of  puri'  hydrocarbons  have  led  to  t lie 
following  explanation  of  the  chemical  changes  which  produce  mesophase  formation. 
Organics  which  form  the  mesophasi'  undergo  a continuous  series  I'f  tii'compos  i t i on , 


*(Gk.  "meso"  - intermediate;  and  "phasis' 


state  or  |>hase) 
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FIG.  T.  INITIAL  FORMATION  OF  MESOPHASE  SPHERES 
(Black  Backqround  Is  Isotropic  Pitch) 


FIG  2.  GROWTH  AND  COALESCENCE  OF  MESOPHASE  SPHERES  DUE 
TO  INCREASES  IN  TEMPERATURE 

*Fis’ufo.s  1 - 4 .iro  rot  1 1'l  t oii  p.' I .tr  i . . d li't'it  phoionM,  roiT  iptis  ot  tiolislu’d  s.-itnp 
of  pvroly^od  .iron.ipiu  hv  I oiu  . hn.'ov.  " . i lo  'i'lr  ; iv  h.'  iisi  d to  i 1 1 u,s  t r.U  i- 

p.onoral  olinrao  t or  i .s  t i cs  ol  ric  Sv-.pp,.  o ■ t o:v.it  ion  , lovi  i,  mo,  , , ■ 1 1 o.^o  otiii'  whioh 
durinp  rite  pvrolvois  ot  .uiv  liio.hlv  .'i  mliit  i.Mn'.',  or.'  .'i  -iiii  ri.il. 
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detivci  rogena  t ion , riMrran>’.t.'m<.-nl  , nul  lOiuicns.it  ion  ii' n t ions  during  hoatiii)',  to  400  - 
500°C.  Thest'  riMot  ions  prodin  i'  i pitoli  m ili'i  L il  oi’i'.i|iosnd  ol  tons  to  liuiuirods  of 
different  aromatic  ring  systems,  oVi-n  when  t lu'  starling  material  is  a pure  hydro- 
carbon. Deiiydrogenat  ii'ii  results  in  (lie  lormation  i)t  planar  aromatic  tree  r;td  ic;i  1 s , 
;ind  is  followed  bv  rearrangement  and  condensation  reaitions  w'hieh  steadily  increasi- 
the  size  of  the  aromatic  moUvnles  and  t lie  t'/H  ratio.  Tims,  largi-  aromatics  are 
formed  bv  a process  whii'h  mav  1h’  described  as  a fri'e  radieal  po  1 vmer  i z.a  t ion . Con- 
tinuation of  the  t I'mperat  ufi'-t  ime  evcli'  leads  to  fiirmation  ol  aromatic  molecules  of 
sufficient  size  to  form  mesophase  spheres. 

Since  mesophase  spheri's'**^  and  t lu-  coalesced  mesophase  ^ ari-  insoluble  in 

organic  solvents  such  as  pyridine  aiul  (|uinoline.  t lu‘V  mav  be  separated  from  the 
untransformed  pitch  using  solvmit  extraition  t eclin  i (pu's  . 

Results  of  studies  on  individual  s|iheres  intiicate  that  molecules  with  molecular 
weights  in  the  range  of  900*h  t lyoo^  (about  25  to  50  rings)  are  necess.ary  for 
mesophase  sphert'  lormation  (sei-  Tabli>  1).  Table  1 illustrati's  that  the  sphere 
formation  process  separates  the  heavier  molmules  1 rom  the  lower  molecular  weight 
species.  As  a result,  mi-sophase  sphets’s  have  a density  ol  1.4  to  1.5  g/cm^  compared 
to  about  l.J  g/cm-5  for  l he  organics  not  convcrtini  into  the  mesophase.  Mesophase 
spheres  also  contain  a high  concent  rat  ion  of  ini’  radicals,*^  and  condensation 
reactions  continually  increase  t Ik-  molei-ular  si/.i-  of  t tu'  planar  aromatic  molecules 
in  the  mesophase.  As  the  pvrolvsis  loni inucs,  essentially  all  the  organics  are 
converted  into  large  pl.anar  moleculi's  which  are  I’rilermi  into  ilu'  mesopluise. 

Although  aliphatic  components  have  been  idinitilied  in  t lie  mesopluise  produced 
during  pyrolysis  of  petroleum  and  loal  tar  i t clu  s , ^ ’ it  is  believed  that  any 

aliphatic  character  (iresmit  is  ihie  to  alipiiatic  side  cliains  attiiched  to  the  aromatic 
ring  systems.  Heterocvc  I iis  havi-  alsi<  been  itienlilied  in  the  mesophase  produced 
from  coal  tar  pitch  pvrolvsis.  Apparently,  the  mesophase  may  contain  small  timounts 
of  non-aromatic  spt>cies,  depending,  on  t lie  original  chemical  composition  ol  the 
organic  being  pyrolvzed.  >',im,ula'^^  h.is  la-ported  tliat  the  mesophase  produced  1 rom  an 
asphalt  may  conttiin  miire  aliphatic  char.icter  t luin  .iromatic  (see  Ttible  I).  This 
report'^*^  is  the  only  known  (.'xample  ol  a iiu’sophasi’  composeti  primarily  of  tiliphatic 
compounds . 

Although  the  mesojihase  spheres  are  fluid  at  the  t emjierat  ure  of  formation,  t liev 
solidify  on  cooling  to  room  t empt‘ra  t u re  .nul  mav  he  polislusl  for  observation  under 
polarized  light  microscopy.  Hrooks  .ind  Tai  lor*’"*^  1 ouuti  tliat  an  ideal  mesophase 
sphere  has  a lamellar  structure  as  siiown  in  I’icaire  5 with  an  axis  of  symmetry  per- 
pendicular to  the  lamell.ie.  This  sirmture  was  suggestisi  bv  t lie  natutU'  of  the 
extinction  contours  obsv'rveti  uiidt'r  po  I .ir  i .'.eil  light  (siu>  Figuiu'  5),  .and  the  electron 
diffraction  ptitterns  ohtaiiu'u  f rom  a single  sphere.  The  extinction  i-ontours 
observed  on  polished  c ross-sec  t i ons  of  mesopli.isi'  spluTes  represent  |ioints  where  tlu' 
edges  of  the  large  plan.ar  tiromatii-  molecules  in  the  spheres  are  i-ither  per]HMui  i cu  1 ar 
or  ptirallel  to  the  plane  ot  polarice.l  light  . In  .in  idiuil  iiiesoph.isi'  sphere,  the 
layers  of  <irom.it  ic  moleculi’s  .in-  ahout  0.  15  nm*^  apart  iiul  are  curveii  in  a ni. inner 
such  th.at  they  are  .approxi  mat  i- 1 v nonii.i!  to  t lu‘  surtacc  ol  the  sphere.  The  structure 
of  mesophase  spheres  disinissiui  .ilu'Ve  has  a 1 si’  Inu'ii  I'ont  i riiied  hv  Whiti',  I'l  al.^‘''-, 
Dubois,  et  al.^®,  and  lloiula,  et  a I . in  their  studies  <'l  pvrolvsis  ot  a variety  ol 
different  pitches. 


TABLE  I 

COMPARISON  OF  PROPERTIES  OF  MESOPHASE  FROM  VARIOUS  PRECURSORS 
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SECTIONED  PARALLEL  DIRECTION  OF  CROSSED  POLARIZERS 

TO  AXIS 


SECTIONED  PERPENDICULAR 
TO  AXIS  ABOVE  OR  BELOW 
MEDIAN  PLANE 

i 

I 

i 

(a)  DASHED  LINES  REPRESENT  EDGES  OF  LARGE  AROMATIC  1 

MOLECULES.  AN  IDEAL  SPHERE  HAS  THE  OPTICAL  PROPERTIES  : 

OF  A UNIAXIAL  POSITIVE  CRYSTAL. 

(b)  EXTINCTION  CONTOURS  OBSERVED  UNDER  REFLECTED 
POLARIZED  LIGHT. 


FIG.  5.  THE  MOLECULAR  ARRANGEMENT  IN  AN  IDEAL  MESOPHASE  SPHERE 
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Mesophase  formation  is  a type  of  demixing  of  two  fluids.  It  is  the  result  of: 
(1)  the  increasing  probability  of  alignment  of  planar  molecules  as  their  size 
increases  (due  to  van  der  Waals  forces)  and  (2)  the  increased  mobility  of  the  large 
planar  molecules  as  the  heat  treatment  temperature  is  increased  to  the  400  - 500°C 
temperature  range.  Spheres  are  formed  initially  due  to  differences  in  surface  ten- 
sion between  the  liquid  mesophase  and  the  untransformed  liquid  pitch  material.^ 

The  spherical  shape  is  required  to  minimize  the  interfacial  exposure  of  the  large 
planar  aromatics,  which  also  minimized  the  surface  energy. 

Only  one  exception  to  the  initial  formation  at  atmospheric  pressure  of  the 
mesophase  in  a spherical  shape  has  been  reported.  Mesophase  particles  separated  by 
extraction  from  a partially  carbonized  coal  tar  pitch  were  observed  by  Yamada,  et 
al.^1  to  be  "lemon"  shaped  if  less  than  5 ym  in  size.  The  common  spherical  shape 
was  observed  for  mesophase  particles  larger  than  5 pm.  In  related  studies,  Honda, 
et  al.^^  reported  that  carbonization  of  a coal  tar  pitch  to  which  5%  carbon  black 
was  added  resulted  in  the  formation  of  mesophase  spheres  with  a different  molecular 
arrangement  than  reported  by  Brooks  and  Taylor. 9 This  new  mesophase  sphere  type 
consists  of  layers  of  molecules  arranged  in  an  "onion  skin"  manner  (see  Figure  6) . 

An  onion  skin  arrangement  of  the  layers  of  molecules  in  a mesophase  sphere  has  also 
been  reported^®  for  mesophase  spheres  which  form  around  micron  size  carbon  black 
particles . 

3 . Mesophase  Sphere  Coalescence  and  the  Microstructure  of  the  Coalesced  Mesophase 

The  mesophase  sphere  structure  (Figure  5)  determined  by  Brooks  and  Taylor 
represents  an  ideal  case  near  the  beginning  of  the  mesophase  transformation.  Growth 
of  these  spheres  may  occur  in  either  of  two  methods:  (1)  direct  incorporation  of 

molecules  into  the  mesophase  spheres,  and  (2)  coalescence  of  two  or  more  spheres. 

In  the  first  case,  sphere  growth  is  similar  to  the  growth  of  nematic  liquid 
crystals. It  may  be  represented  as  a physical  process  which  Involves  the  ordering 
of  the  large  aromatic  molecules  present  in  the  isotropic  fluid  pitch. The 
physical  growth  process  can  occur  only  if  large  aromatics  of  sufficient  size  and 
concentration  are  formed  thermally.  Mesophase  sphere  coalescence  may  occur  when  two 
or  more  spheres  come  in  contact  as  shown  in  Figure  2,  page  7.  Samples  cooled  to 
room  temperature  for  observation  after  the  beginning  of  sphere  formation  frequently 
show  numerous  examples  of  spheres  in  various  stages  of  coalescence.  Both  mechanisms 
of  sphere  growth  are  regulated  to  some  extent  by  the  viscosity  of  the  mesophase- 
pitch  mixture  at  the  temperature  of  sphere  formation. 

In  the  absence  of  interference  from  neighboring  spheres,  the  coalescence 
process  produces  a new  spherical  shaped  region  of  complex  internal  structure.  The 
molecules  in  the  newly  formed  sphere  which  results  from  coalescence  tend  to  undergo 
structural  rearrangement  in  an  attempt  to  form  the  ideal  sphere  structure.  However, 
this  rearrangement  is  slow  due  to  the  high  viscosity  of  the  mesophase, and  may  be 
hindered  by  the  beginning  of  the  coalescence  process  with  other  spheres.  As  the 
number  and  size  of  spheres  increase,  coalescence  of  spheres  produces  large  irregular 
shaped  mesophase  droplets  greater  than  100  pm  in  size.  White,  Dubois,  and 
co-workers^w-12  reported  that  rearrangement  of  molecules  in  these  droplets  of 
mesophase  is  much  slower  than  the  structural  changes  brought  about  by  additional 
coalescence.  As  a result,  a defect  structure  is  developed  in  the  large  mesophase 
droplets.  The  most  common  types  of  defect  structures  duo  to  layer  plane  slacking 
faults  have  been  classified  by  li/liitc,  et  al.11’12  and  more  recently  by  Honda, 
et  al.^'^ 


r 


12 
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MESOPHASE  SPHERE  WITH  AN  "ONION  SKIN"  MOLECULAR  ARRANGEMENT 
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Growth  of  mosophaso  droplt'ts  oontiniu's  until  tlio  isolropio  pitoli  is  oomp  U'l  i' 1 v 
oonvertod  into  tho  anisotnipic  ''bulk''  or  "oomplot  ol  v (u>a  K-siu'd"  niosoiiliaso  (soo 
Figure  4,  page  8).  Heat  treatment  I'f  t lie  coaleseed  mesophase  to  about  SOO^t!  con- 
verts the  viscous  mesophase  into  a solid  coke.  At  tliis  point,  the  microstriu't  ure 
of  the  coalesced  mesophase  is  frozen  and  I'xcejH  for  slirinkage  cracks,  remains  rela- 
tively unchanged  on  heat  treatment  to  2800°C. 

The  microst  ructure  of  the  coalesced  miusophase  is  important  bei'ause  it  is  a 
direct  result  of  the  extent  and  type  of  ordering  of  tlu>  large  planar  aromatic  mole- 
cules which  make  up  tlie  mesophase.  Tliis  ordering  of  planar  aromatics  is  the  begin- 
ning of  the  development  of  the  graphite  crvstal  structurt.',  and  the  degree  of  preorder 
developed  in  the  coalesced  mesophase  just  prior  to  liardening  determines  the  type  of 
grapliitic  niati-rial  formed  on  heat  treatnumt  to  2800°G.  All  organics  which  form  the 
mesophase  during  pyrolvsis  develop  a grapliitic  structure  to  some  degree  during  heat- 
ing to  2800°CA  However,  they  may  not  all  be  classified  as  graph! t iz ing . The  degree 
of  ordering  of  the  molecules  and  the  number  and  kinds  of  stacking  defects  in  the 
co.ilesced  mesophase  determines  the  extent  to  which  the  graphitic  crystal  structuri' 
is  formed  on  heat  treatment  to  2800°C.  Factors  which  affect  the  microstructure  of 
the  coalesced  mesophase  must  be  controlK'd  or  altered  in  order  to  control  or  tailor 
the  microst ructure  and  properties  of  the  resultant  graphitic  material. 

C.  FACTORS  limiGll  CONTROL  THE  MESOPHASE  MiCROSTRUCTURE 

The  previously  described  process  of  mesophase  sphere  formation,  growth,  and  j 

coalescence  is  generally  true  for  any  aromatic  hydrocarbon,  or  other  organic  mater- 
ial which  develops  a highly  graphitic  structuri'  on  heat  treatment  to  2800°C.  Mow-  i 

ever,  several  factors  are  known  to  affect  sphere  growth  and  coalescence,  as  well  as  ; 

the  microstructure  of  the  coalesced  mesophase.  These  factors  will  he  discussed  in  \ 

this  section. 

1.  Temperature,  Heat  'JE'-’ ’ il'"-'  Rate  of  Heating 

The  general  characteristics  of  mesophase  sphere  formation,  growth,  and  co.ales-  } 

eence  due  to  increases  in  temperature  or  time  have  already  been  presi'iited.  A more  ■ 

detailed  account  of  the  influence  of  the  temperat ure-t ime  cvcle  on  the  mesophase  is  \ 

given  below.  It  must  be  remembered,  however,  that  microst ructural  changes  produci-d  j 

in  the  mesophase  due  to  specific  heating  conditions  are  different  for  materials  of  ^ 

different  chemical  composition.  Both  the  temperature  and  time  required  during,  i 

pyrolysis  for  formation  of  large  planar  aromatics  of  size  and  concent  rat  ion  stiff i-  i 

cient  for  mesophase  sphere  formation  is  tiepeiulent  upon  the  original  chemical  ctmipo-  ! 

sition  of  the  organic  being  pvrolyzed.  As  a result,  different  starting,  materials  5 

require  a different  temperature  for  initial  formation  of  mesophase  spheres.^  This  i 

temperature  is  usually  in  the  380  - 430°G  range.  Not  only  is  a certain  tenqH'rature  > 

required  for  formation  of  the  molecules  which  comprise  the  mesophase,  but  the  vis-  ! 

cosity  of  the  liquid  must  also  be  low  enough  to  allow  movement  and  orderin;’,  cif  mole-  \ 

cules  into  the  layered  mesophase  structure.  The  viscosity  of  mesophase  forming,  i 

hydrocarbons  is  temperature  dependent  and  has  been  found  to  decrease  to  a minimum  ; 

in  the  350  - 420°G  temperature  range. 9.42  Alter  sphere  formation  beg.ins,  incri'.isi's  j 

in  heating  time  or  temperature  produce  more  planar  aromatics  of  a larger  size  which  j 

cause  mesophase  growth  and  a rapid  increase'  in  the  v iscos  i t v . The  rati'  of  I orma-  i 

tion  of  tL«'  large  aromatic  moleculi's,  and  t lu'  extent  and  rate  of  ordering,  (the  | 

mobility)  of  these  molecules  into  thi'  mesophasi'  .ire  time-temperature  depi'iident.  ! 


i 

j 


NSWC/WOL/TR  76  113 


Microstrm-tural  rliaiiRes  give  only  a qualitative  indiiation  of  the  affect  of 
heat  treatment  on  the  mesophase  (see  Figures  1-4,  pages  7,  8).  Since  the  mesophase 
is  insoluble  in  many  hydrocarbon  solvents  at  room  temperature,  the  weight  percent  of 
insoluble  material  may  be  used  as  a quantitative  indication  of  the  amount  of  mcso- 
pliase  formed  as  a function  of  temperature  or  heating  t ime  . ^ ^ ’ 24 ,48 , 51  p(,r  example, 
Honda,  et  al.^8,49  and  Sanada,  et  al.^0  used  the  quinoline  insoluble  content  to 
determine  the  weight  percent  mesoph.se  formed  in  a cajal  tar  pitch  as  a function  of 
heating  time  at  constant  temperature.  Tlie  results  Illustrate  that  increases  in  time 
at  a constant  temperature  produces  a slower  mesopha.se  transformation  than  increases 
in  temperature.  Several  other  researchers  have  also  reported  that  sphere  growth 
.ind  coalescence  occurs  at  a faster  rate  with  temperature  increases  than  with 
increases  in  time  at  a fixed  temperature. 15,42  pijg  time  required  for  the  complete 
conversion  of  an  organic  into  the  coalesced  mesophase  deiiends  upon  the  heating  tem- 
perature and  the  chemical  composition  of  the  material  being  pyrolyzed . ^ 2 , 1 4 ,42 

Temperature  and  time  are  complementary  in  the  mesophase  transformation.  As 
shown  in  Figure  7,  sphere  formation  in  a naphtha  tar  pitch  occurs  after  20  hours  at 
350°C  or  on  heating  to  400°C  at  3°C/min.  Following  the  onset  of  mesophase  sphere 
formation,  sphere  growth,  coalescence,  and  complete  conversion  to  the  coalesced 
mesophase  may  be  achieved  by  temperature  increases  or  increases  in  time  at  a fixed 
temperature . Similar  results  were  noted  by  Horne^^  for  acenaphthylene  and 
c innamylideneindene , and  by  Whittaker  and  (.'rindstaf  f^2  their  study  of  iresopha,se 

formation  in  coker  feedstocks. 

Mesophase  formation  has  been  studied  in  the  380  - 500°C  temperature  range  using 
heating  rates  of  0.3°C/min,^2  0.5°C/min,24  2°C/mln,^2  3,.,^  5°C/hr.^3,14  results 

indicate  that  the  weight  percent  mesophase  formed  during  pyroiy.sls  is  a linear  func- 
tion of  temperature  in  the  range  of  approximately  20  to  85%  conversion  of  the 
organics  into  the  mesophase  (see  Figure  8).  .Small  changes  in  heating  rate  (0.3  to 
2°C/min)^7  jo  not  appear  to  significantly  alter  the  amount  of  mesophase  formed  as  a 

function  of  temperature.  It  has  also  been  reported52  that  the  reaction  order  and 

activation  energy  of  tiie  mesopiiase  t rans  format  ion  in  a coal  tar  piicli  are  indepen- 
dent of  heating  rates  in  the  range  of  1.1  to  5.4°(',/min. 

After  complete  conversion  of  a material  into  the  mesophase,  continued  heating 
of  the  fluid  coalesced  mesophase  produces  dehydrogenation  and  condensation  rr'actions 
which  rapidly  increase  tlie  mesophase  viscosi t v . ^0 ’ 24 , 42 , 5 3 Finally,  the  coalesced 
mesophase  solidifies  and  tlie  ordered  structure  with  its  discontinuities,  folds,  and 
various  stacking  defects  is  frozen.  The  microstructure  o.'  the  solidiliiul  mesophase 

remains  essentially  unchanged  on  lieatlng  to  2800°C,  except  for  the  formation  of 

shrinkage  cracks. ^^’^2  Shrinkage  crack  formation,  sliar;  cuing  of  folds  or  bends  in 
layers,  and  layer  plane  displacements  relative  to  one  another  reduce  the  disordi'r 
in  laver  stacking  sequences  and  lead  to  tlie  formation  of  highly  graidiitic  regions 
during  heating  to  2800°C. 

The  temperature  required  for  complete  conversion  into  thi'  me.sophisi.'  di'pends  on 
the  time-temperature  cycle  and  the  chemical  composition.  It  has  beiui  observeil  to 
occur  as  low  as  420°C  and  as  high  as  470°cl*’'‘^  during  pvrolvsis  ot  coker  feedstocks 
at  5°C/hr.  Although  the  exact  solidification  temperature  mav  not  bi'  import. iiit.  the 
viscosity  of  the  coalesced  mesophase  ;ind  the  time  re(|uired  for  so  1 i d i I i c,i  t i on  ot  tlu' 
cotilesced  mesophase  determine  the  size  and  structure  of  t lu‘  Larger  regions  of  mi'lec- 
iilar  order.  Therefore,  materials  which  |irodiice  a highlv  fluid  meso|ihase  which  doi's 
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FIG.  7.  HEAT  TREATMENT  TEMPERATURE  TIME  CURVES^f^ 

SHOWING  THE  CONDITIONS  NECESSARY  FOR  MESOPHASE 
SPHERE  FORMATION  (HEATING  RATE  OF  3”C/MIN) 
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FIG.  8.  MESOPHASE  FORMATION’'^  AS  A FUNCTION  OF  TEMPERATURE 
FOR  THREE  COKER  FEEDSTOCKS  HEATED  AT  5‘^C  HR  FROM 
360“C  TO  510"C 
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not  solidify  immediately  after  complete  coalescence  produce  a well  ordered  graphitic 
crystal  structure  during  heating  to  2800°C. 

2 . Chemical  Composition  of  the  Precursor  Material 

The  single  greatest  influence  on  the  coalesced  mesophase  microstructure  is  the 
chemical  composition  of  tVie  organic  material  which  was  used  to  form  the  mesophase. 

As  demonstrated  by  Horne,  Smith,  and  co-workers , ^5 , 54-60  proper  selection  of  starting 
materials  and  the  use  of  mixtures  of  pure  compounds  will  enable  one  to  vary  the 
microstructure  of  the  coalesced  mesophase  from  well  ordered  to  almost  isotropic. 
Therefore,  control  of  the  micros t rue ture  and  properties  of  graphitic  materials  can- 
not be  accomplished  without  control  of  the  chemical  composition  of  the  raw  materials. 

An  excellent  example  of  the  affect  of  chemical  composition  on  the  coalesced 
mesophase  microstructure  has  been  provided  by  the  work  of  Dubois,  et  al.,^*^  Price 
and  White, and  White  and  Price. Five  different  coker  feedstocks  were  pyro- 
lyzedl3,14  5°c/hr  from  360°C  to  510°C  to  determine  the  amount  of  mesophase 
formed  as  a function  of  temperature  and  chemical  composition  (see  Figure  8) . The 
temperature  of  sphere  formation,  the  range  of  temperature  required  for  the  mesophase 
transformation  to  occur,  and  the  temperature  of  complete  conversion  to  the  coalesced 
mesophase  were  found  to  be  a function  of  chemical  composition.  Other  studies  of 
pitch  pyrolysis^^  ’ confirm  these  findings. 

White  and  Price^3,14  identified  six  types  of  coalesced  mesophase  microstructure 
resulting  from  variations  in  the  chemical  composition  of  the  coker  feedstocks.  The 
two  most  common  classes  of  microstructure  were  called  "isotropic"  and  "fibrous". 

The  term  isotropic  was  used  to  indicate  that  the  extinction  contours  of  the  coalesced 
mesophase  appear  random  and  have  no  preferential  order  on  a scale  of  50  to  100  um. 

A fibrous  microstructure  was  defined  as  a region  of  size  greater  than  100  to  200  pm 
in  which  the  estinction  contours  are  nearly  parallel  to  one  another.  Types  of  micro- 
structure were  also  classified  in  terms  of  the  average  distance  between  the  extinc- 
tion contours  observed  under  polarized  light.  For  example,  a fibrous  microstructure 
with  polarized  light  extinction  contours  spaced  less  than  10  pm  apart  was  defined  as 
"fine"  fibrous.  Both  the  fibrous  and  isotropic  microstructures  were  present  in 
different  amounts  in  each  of  the  pyrolyzed  coker  feedstocks.  Organics  completely 
transformed  into  the  coalesced  mesophase  below  430°C  such  as  an  air  blown  asphalt 
are  of  lower  aromatic  character  and  form  predominately  the  isotropic  microstructure. 
In  each  feedstock  pyrolyzed,  the  isotropic  microstructure  formed  almost  entirely 
below  430“C.  It  is  also  the  predominate  microstructural  type  found  in  coalesced 
mesophase  prepared  by  pyrolysis  of  organics  with  high  concentrations  (5  wt  % or 
more)  of  oxygen,  sulfur,  and  heterocyclics . 

The  fibrous  microstructure  is  a major  component  in  the  coalesced  mesophase 
formed  above  430“C  as  in  the  decant  oil  (see  Figure  8,  page  17).  It  results  from 
the  pyrolysis  of  highly  aromatic  compounds  and  produces  a more  graphitic  structure 
than  the  isotropic  mesophase  on  heating  to  2800°C.  The  relationship  between  the 
mesophase  microstructure  and  molecular  structure  is  not  well  understood.  It  is 
known  that  the  fine  isotropic  microstructure  is  a result  of  rapid  solidification  of 
coalesced  spheres  which  have  not  grown  to  a size  larger  than  a few  micrometers. 

This  prevents  the  development  of  extended  regions  of  molecular  order.  In  contrast, 
fibrous  microstructures  result  from  coalescence  of  larger  spheres  which  are  formed 
above  430°C  with  the  particular  heating  cycle  used.^^  The  important  difference, 
however,  is  that  mesophase  formed  above  430°  remains  fluid  for  some  time  after 
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‘■0.1  iL'SCi/nci- . This  allows  molecular  rearrangements  to  occur  and  produces  regions 
several  hundred  micrometers  in  size  in  which  nearly  parallel  molecular  stacking 
exists.  in  addition,  deformation  of  the  fluid  mesophase  by  gas  bubbles  is  thought 
to  play  a major  role  in  forming  the  fibrous  microstructure. 

Changes  in  the  time-temperature  cycle  may  alter  the  mesophase  transformation 
urves  (see  Figure  8,  page  17)  and  the  temperature  of  sphere  formation.  However, 
the  trend  of  formation  and  rapid  solidification  of  the  less  ordered  isotropic  micro- 
structure first  is  expected  to  occur  regardless  of  the  heating  conditions. 

Numerous  other  studies  also  have  shown  that  different  chemical  species  form  the 
mesophase  at  different  temperatures  and  produce  different  degrees  of  molecular  order 
in  the  coalesced  mesophase.  Pyrolysis  of  a mixture  of  pure  hydrocarbons^l i ^3 , 61 , 62 
may  produce  two  or  more  distinctly  different  types  of  coalesced  mesophase  micro- 
structure,  each  of  which  may  be  obtained  by  pyrolysis  of  the  pure  compounds  sepa- 
rately. Apparently  each  type  of  organic  in  a mixture  may  undergo  a different 
sequence  of  pyrolysis  reactions.  If  the  free  radical  intermediates  from  each  com- 
ponent in  the  mixture  do  not  interact  or  are  produced  at  different  temperatures,  the 
coalesced  mesophase  will  contain  different  microstructural  types . 28 . 29 , 63  Favorable 
interaction  of  intermediates  also  occurs  in  some  cases, and  results  in  a more 
ordered  mesophase  than  that  obtained  by  separate  pyrolysis  of  each  of  the  components 
in  a mixture. 

Oxygen  present  in  an  organic  originally^*! » 22 , 24  qj.  added  during  pyrolysis69 
produces  nonplanar  free  radicals  which  crosslink  the  pyrolysis  products.  As  a 
result,  the  viscosity  is  increased , 22  > 24 , 70  molecular  mobility  is  reduced,  the 

temperature  range  during  which  the  mesophase  is  fluid  is  reduced,  and  the  formation 
of  large  regions  of  order  in  the  coalesced  mesophase  is  prevented.  Observabli’ 

‘ hanges  in  the  microstructure  of  the  mesophase  usually  occur  if  more  than  5%  by 
weight  of  oxygen  is  present  in  the  material  being  pyrolyzed.  Oxygen  contents 
greater  than  5%  by  weight  reduce  the  mesophase  sphere  size,  prevent  normal  sphere 
coalescence,  and  reduce  the  graphitizability  of  the  material.  Similar  observations 
have  been  made  during  pyrolysis  of  pure  hydrocarbons , 89  coker  feedstocks coal 
tars, 21  coal  tar  pitches, 2'*'  and  fusible  coals. 8'^>71  However,  one  cannot  generalize 
these  results,  since  e.xamples^® » 85 , 66  known  in  which  the  addition  of  oxygen  or 

oxygen  containing  compounds  has  actually  increased  the  degree  of  molecular  order 
developed  in  the  mesophase. 

The  affect  of  sulfur  on  mesophase  formation  in  pure  liydrocarbons^  > 58 , 72 
pi  t ches50  > 72 , 73  ;j^g  similar  to  that  described  above  for  oxygen.  Sulfur  does  not 
influence  the  mesophase  microstructure  as  long  as  the  primary  reaction  during  pyrol- 
ysis is  dehydrogenation  of  hydrocarbons  with  release  of  ll2S.^2  Heterocyclic  com- 
pounds and  other  non-graphitizing  organics^3 , 64-68  begin  to  reduce  the  molecular 

order  in  the  mesophase  if  present  in  amounts  greater  than  about  5%  by  weight. 

In  reality,  it  is  not  the  original  molecular  structure  but  the  structure, 
reactivity,  and  fluidity  of  the  thermally  formed  intermediates  whicli  determines  the 
microstructure  of  the  coalesced  mesophase.  Heating  time  and  temperature  influence 
the  mesophase  microstructure  only  in  terms  of  the  types  of  cliemical  species  prodiued 
and  the  rate  of  production  of  these  species  in  the  400  - 500°('  ti'inperature  range. 

Any  chemical  process  which  alters  the  normal  build-up  of  large  planar  aromatics  as 
discussed  in  C.hapter  II,  Section  B.2  may  reduce  the  molecular  oriiering  in  t lu’  mi‘SO- 
phase  and  prodtice  a less  graphitic  material  on  heating  to  2800°(',.  The  formation  of 
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crosslinked  or  nonplanar  intermodlat es , sleric  of f ec t s , ^ and  the  presence 
of  non-graphiticing  organics  (for  example,  bi phenyl hinder  the  formation  of  a 
well  ordered  mesophase,  and  in  the  extreme  case  may  |)revent  mesophase  formation. 

3.  Pressure 

Two  groups  of  invest igators^*^  ’ have  reported  on  mesophase  microstruc- 
tural  changes  caused  bv  pyrolysis  of  pure  hydrocarbons  at  pressures  from  34  to 
300  MN/m2  (5000  to  43,500  psi).  High  pressure  pyrolysis  of  organics  such  as  anthra- 
cene,phenanthrene , 24  and  acenaphthylene‘s 2 at  550°C  produces  only  uncoalesced 

mesophase  spheres  less  than  20  ,.m  in  size.  Since  these  spheres  do  not  fuse  or 
coalesce,  large  regions  of  ordered  molecules  cannot  form  to  produce  a highly 
graphitic  material  on  he.ating  to  2800°C.  Pyrolysis  of  anthracene  under  various 
pressure-temperature  cycles  has  also  been  shown  to  produce  a mesophase  composed 
of  "cy 1 indr ica 1 2 and  "spaghetti  shaped"28 , s 3 anisotropic  units.  The  spaghetti 
shaped  units  are  thought  to  be  a result  of  partial  coalescence  along  one  axis  of 
the  mesophase  spheres. 

It  is  well  known  that  any  increase  in  pressure  above  atmospheric  will  increase 
the  char  yield  during  pvrolysis  of  pitches  and  hydrocarbons.  It  should  also  decrease 
any  changes  in  the  mesophase  microstructure  which  result  from  gas  bubble  percolation. 
Pressure  increases  during  pyrolysis  affect  the  reaction  medium,  the  atmosphere  of 
the  pyrolyzing  material,  the  reaction  path,  the  type  of  intermediates  formed,  and 
the  overall  rate  of  pyrolysis.  Pressures  above  30  to  50  NM/m^  are  thought  to  sig- 
nificantly increase  the  viscosity  of  the  liquid  being  pyrolvzed  and  may  reduce  the 
mobility  of  molecules  which  form  mesophase  spheres.  Apparently,  one  major  influence 
of  high  pressure  pyrolysis  is  to  change  tlie  chemical  composition  of  the  pyrolyzing 
material.  In  some  cases  this  produces  a more  graphitic  material,  while  in  others 
crystallite  size  and  interlayer  spacing  data  indicates  a less  graphitic  materia]  is 
produced . 25 

4 . Insoluh le  Particles  and  Material  S in* faces 

Both  coal  tar  and  petroleum  pitches  are  known  to  contain  particles  similar  to 
carbon  blacks  wliich  are  insoluble  in  quinoline.  Some  pitches  may  contain  as  much 
as  20%  by  weight  of  these  particles  which  are  usually  less  than  2 um  in  size.  These 
particles  are  referred  to  as  "insolubles"  or  "quinoline  insolubles".  Studies  con- 
ducted to  date  indicate  that  insoluble  carbon  particles  of  a size  less  tlian  5 .m 
either  present  in  the  pitch  or iginally^^ ’ or  added  prior  to  pvrol ysis^^”^2 
alter  the  mesophase  microstructure.  Insoluble  carbon  particles  present  in  conci’n- 
trations  greater  than  two  or  tliree  percent  by  weight  (1)  accumulate  on  t lie  mesophase 
sphere  surface  or  are  pushed  along  the  mesoptiase  surfaced-isotropic  pitch  interface 
a.s  the  spheres  grow  in  size, ^’26-78  (2)  reduce  the  average  mesophase  spliere 
size^^~^2  ;jnd  restrict  growth  of  mesophase  spheres^  (possihlv  by  decriMsing  molecu- 
l.ir  diffusion  and  increasing  viscosity),  (3)  produce  .an  irri'gul.ar  nu'sophasi-  spliere 
sli.ipe  .and  surf.a<-i-  ch.ar.ac  t er  is  t ics , ^ ’ ‘^‘5 , 49  restrict  or  hinder  normal  coalescence, 

and  (5)  produce  .a  threi'-d  imi'iision.al  network  of  incompletel  y coalesced  mesophase 
spheres  surrounded  hv  a t hree-d  imens  ion.a  1 lU'twork  of  insolubli'  jiart  i c 1 es . ' Addi- 
tions ol  .1  few  percent  of  micron  size  metal  oxide  par  t ic  1 es^ , 2 7 ( ^ pitches  prior  to 
pvrolvsis  .a  MV)  ?Tivi-  the  same  influiaice  on  mesophase  sphere  growtli  .and  coa  1 esciuisi'  .as 
noted  for  quin. 'line  insoluble  carbi'n  p.articli's. 
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Tile  insolubles  prevent  normal  sphere  coalescence  and  reduce  the  formation  ol 
large  regions  of  molecular  order  in  the  bulk  mesophase.  As  a result,  the  graphi- 
tizability  of  the  material  is  decreased.  The  extent  to  whicli  the  mesophase  micro- 
structure and  the  resulting  graphitic  microstructure  is  altered  by  insolubles  is 
determined  by  the  size  and  percent  of  insolubles  present  in  the  organic  prior  to 
pyrolysis . 

When  particles  of  natural  flake  graphite,  needle  coke,  pvrolytic  carbon,  or 
graphite  fibers  are  present  in  a pitch  being  pyrolyzed,  the  molecules  in  the  meso- 
phase align  themselves  parallel  to  the  layered  structure  in  the  par t ic les . ^ 

Graphite  fibers^^  have  been  reported  to  definitely  be  a preferred  site  for  mesophase 
sphere  nucleation.  It  is  possible  that  large  insoluble  molecules  and  solid  surfaces 
in  general  are  nucleation  sites  for  mesophase  formation.  However,  mesophase  growth 
and  coalescence  after  the  nucleation  process  occurs  is  different  in  each  case. 


21/22 


INSWC/WOL/TR  76  113 


CHAPTER  III 

EXPERIMENTAL  TECHNIQUES 

A.  REAGENTS 

The  acenaphthylene  used  in  this  study  (see  Table  II)  was  obtained  from  Aldrich 
Giemical  Company,  (catalog  number  A80-5)  and  was  stated  to  be  99%  pure.  The  major 
impurity  in  acenaphthylene  is  acenaphthene , which  will  vaporize  during  pyrolysis. 

B.  TEST  TUBE  PYROLYSIS  METHODS 

Samples  of  approximately  20  g in  size  were  pyrolyzed  in  25  mm  diameter  by 
300  mm  long  pyrex  test  tubes  in  the  furnace  shown  in  Figure  9,  page  25.  Test  tubes 
containing  samples  were  placed  in  six  separate  holes  in  a heated  copper  block. 

This  technique  allowed  removal  of  individual  samples  at  different  points  in  the 
time-temperature  cycle  for  study  at  room  temperature  using  [)olarized  light  micros- 
copy. A uniform  temperature  was  produced  in  all  samples  due  to  the  iiigh  conduc- 
tivity of  the  copper  block.  The  samples  were  heated  to  various  temperatures 
between  350°C  and  500°C  using  a heating  rate  of  100°C/hr  to  200°C,  followed  by 
20°C/hr  to  the  desired  temperature.  Each  sample  was  heated  under  refluxing  condi- 
tions in  an  atmosphere  of  the  pyrolysis  gases.  No  attempt  was  made  to  rigorously 
exclude  air  from  the  samples  during  pyrolysis. 

A Data  Trak  Programmer,  Model  FGE  5110,  from  Research  Incorporated  was  used  to 
program  the  heating  rate  (see  Figure  10).  The  Data  Trak  output  signal  established 
a temperature  set  point  in  a Barber  Colman  Model  541B  solid  state  controller.  Fur- 
nace temperature  was  measured  with  a chrome  1-alumel  thermocouple  which  also  prculucetl 
an  input  signal  to  the  541B  controller.  The  difference  between  the  actual  and 
desired  temperature  was  translated  by  the  541B  controller  into  a direct  current 
output  signal.  Power  in  proportion  to  this  signal  was  supplied  to  the  furnace  bv 
means  of  a Barber  Colman  solid  state  Power  Controller,  Model  621A.  The  temperature 
of  the  copper  block  was  reported  as  the  sample  temperature.  It  was  measured  using 
a ohromel-alumel  thermocouple  and  a potentiometer,  and  recorded  as  a function  oi 
time  with  a Brown  Electronik  recorder.  Heating  rates  above  200°C  were  reproduc i ti  1 e 
to  within  2°C/hr.  The  temperature  of  the  samples  in  the  copper  block  were  all 
uniform  within  5°C.  Temperature  measurements  using  the  potentiometer  were  accurate 
to  • 4°C  at  450°C. 

C.  S,\MPLE  PREPARATION  FOR  POLARIZED  I.IGHT  MICROSCOPY 

Samples  heated  in  test  tubes  were  removed  from  tiie  copper  block  and  allowed  to 
cool  to  room  temperature.  The  pyrolvsis  residues  were  sectioned  using  a circular 
saw  with  a diamond-tipped  blade.  EPON  82B  epoxv  resin  (Sht’ll  Clumiical  Co.)  with  H°' 
by  weight  diethvlenet riamine  as  the  curing  agent  was  vised  to  mount  the  sami'les  in 
3.2  cm  diameter  bakelite  ring  forms  from  Biiehler,  Ltd.  A vacuum  of  approxim.it  e 1 v 
1 mm  of  mercury  was  applied  during  the  mounting  procedure  to  remove  air  bubbles  and 
impregnate  the  open  porosity  in  the  sample  with  epoxv  resin.  Alter  an  overnigjit 
cure  at  room  temperature,  the  sampli's  weri'  ground  on  silicon  carbidi'  grinding  iMiur 
using  grit  sizes  of  240,  320,  and  600  in  succv'ssive  steps  on  a grimling  v^’lieel 
("180  RPM)  . Polishing  was  accomplished  in  three  stages  with  9.5,  1,  and  0.05  ,m 
aluminum  oxide  powder  from  Buehlt'r,  I.td.  The  lirst  tv.io  stages  were  condiicteii  on  a 
wheel  (180  RPM)  covered  with  Metcloth  (Bui'hler  Ltd.).  Final  jiolishing,  hv  b.nui  usinc 
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TABLE  II 

PROPERTIES  OF  ACENAPHTHYLENE  USED  IN  THIS  STUDY 


Property 

ThtHJr^t  leal 

Measured 

Chemical  Formula 

— 

WT. 

% C 

94.702 

94.43^^^ 

WT. 

% H 

5.298 

5.28^^^ 

C/H 

1.50 

1.50 

WT. 

% N 

0 

0.01^^) 

WT. 

% 0 

0 

0.18^^^ 

WT. 

% s 

0 

0.12^"*^ 

Melting  Point,  °C 

— 

86-90 

(a) 

Average  of  determination 
Galbraith  Laboratories, 

s on  3 different  samples  by 
Knoxville,  Tn. 

PYREX  TUBES 
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FIG.  9.  PYROLYSIS  FURNACE 
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SAMPLE 


FIG  10  CONTROL  EQUIPMENT  FOR  THE  PYROLYSIS  FURNACE 
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0.05  pm  aluminum  oxide  on  Rayvel  cloth  (Buehler  l.td.)  provided  a surface  for 
microscopy  relatively  free  of  scratches.  A solution  of  methanol  in  water  (50/50  by 
volume)  was  used  in  each  step  as  a lubricant. 

Samples  were  examined  for  relative  degree  of  conversion  into  the  mesophase  with 
a Zeiss  Universal  microscope  equipped  with  reflected  polarized  light  optics.  Photo- 
graphs were  made  with  a Polaroid  sheet  film  holder  (10  by  12.5  cm)  and  type  52  black 
and  white  film. 


D.  PYROLYSIS  USINO  A MICROSCOPE  HOT  STAGE 

A microscope  hot  stage  was  built  to  pyrolyze  samples  of  approximately  20  mg  in 
size  (see  Figure  11) . The  samples  were  placed  between  two  microscope  cover  slides 
(Corning  Number  1)  and  heated  rapidly  in  air  to  370°C  in  40  minutes.  After  a 25- 
minute  hold  at  about  370°C,  the  samples  were  heated  at  0.6  to  1.3°C/min  to  temper- 
atures between  413°C  and  455°C.  A variac  was  used  to  control  the  temperature-time 
cycle.  After  the  samples  melted,  a liquid  film  about  50  pm  to  70  vim  thick  formed 
between  the  18  mm  diameter  cover  glasses.  Continued  heating  to  about  413°C 
resulted  in  mesophase  sphere  formation.  Since  tlie  mesophase  wets  glass  surfaces, 
it  could  be  observed  directly  at  temperature  through  the  top  cover  glass  using 
reflected  polarized  light  microscopy.  This  experimental  technique  allowed  direct 
observation  of  the  coalescence  and  deformation  of  mesophase  droplets  as  a result  of 
gas  bubble  movement  in  the  sample. 

A chromel-alumel  thermocouple  touching  the  bottom  cover  glass  was  used  to 
measure  temperature.  Due  to  the  lack  of  insulation  on  the  top  cover  glass  directly 
below  the  microscope  objective,  a severe  temperature  gradient  existed  from  tiie 
bottom  to  the  top  cover  glass.  Calibration  of  the  hot  stage  using  melting  point 
standards  indicated  the  temperature  measurements  may  have  been  as  much  as  30°C 
higher  than  the  actual  sample  temperature  at  400°C.  However,  since  the  purpose  of 
this  studv'  was  to  determine  bv  direct  observation  the  influence  of  gas  bubbles  on 
mesophase  spheres  and  the  coalesced  mesophase,  the  actual  temperature  is  not  imiior- 
tant  in  the  hot  stage  experiments. 
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FIG.  11.  MICROSCOPE  HOT  STAGE 
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CHy\i'’l'h;K  IV 

RESULTS  AND  DISCUSSION 
A.  CENT.RyM,  CONSTDEILVnONS 

Although  the  seijuenoo  ol  Llio  major  chomical  roactions  whioh  occur  during 
aconapht hy 1 one  pyrolysis  liavo  boon  known  for  years,  a brief  review  of  the  chemistry 
involved  during  the  heating  of  acenaphthylene  to  500°C  is  considered  important  at 
this  point.  Sui-h  a review  will  provide  an  understanding  of  the  chemical  processes 
which  result  in  mesophase  formation. 

Numerous  studies  have  been  made  on  the  pyrolysis  of  acenaphthylene.  However, 
the  work  of  Lewis  and  co-workers  ^ ^ has  prc'ivided  much  of  the  information 

describing  the  chemical  processes  which  occur  during  pyrolysis  of  acenaphthylene. 
Acenaphthylene  begins  to  undergo  a thermally  induced  vinyl  po 1 ymer i zat ion  at  tem- 
peratures in  the  ranj^e  of  IHI^C  to  200°C . The  resulting  polymer  has  an  aver- 
age molecular  we  ight“^  ’ corresponding  to  twelve  acenaphthylene  units  at  10n°C. 

X-ray  diffraction  studies^^^  have  indicated  that  the  acenaphthylene  polymer  has  a 
helical  structure  with  three  to  five  acenaphthylene  units  per  turn.  Betwetm  lDO°tl 
and  400°C  the  [>olymer  begins  to  thermally  degrade^  ’ ^ and  produces  a complex 

mixture  of  dimers,  trimers,  ;ind  tetramers  of  acenaphthylene.  Many  of  these  spi'cies 
are  free  radicals.  The  acenaphthylene  polymer  is  degraded  to  an  average  size  of 
six  acenaphthylene  units  at 

Most  of  the  monomer  free  radicals  formed  as  a result  of  polymer  decomposition 
undergo  rapid  hydrogen  transfer  reactions  to  produce  acenapht hene . ^ Approximately 
10%  by  weight  of  the  pyrolvzed  sample  is  lost  as  volatile  acena].dit  hene-^  between 
VH)°C  and  410°C.  Acenaphthene  radicals  may  combine  to  form  b iacenapht hyl idene, 
f 1 uo rocyc  1 ene , ami  decacyc  1 ene . 1 h , 38  These  compounds  are  also  kmnim  to  form  during 
polymer  degratlation  reai'tions.  The  dimer  biacenaphthyl  idene  is  a ma  jor  component 
of  the  pyrolysis  residiu'*  and  undergoes  rearrangement  to  form  zet  hrene , a six 
ring  aronuitic  hydrocarbon,  in  the  temperature  range  of  3b0°C  to  400°C.  Condt-nsation 
of  two  or  more  zethrene  iinits^*''^^^  results  in  the  format  iim  of  large  aromatic  mi'le- 
cules  in  the  40()°C  to  5()0°C  temperature  range.  It  is  these  large  aromat  ic  molecules 
which  produce  mesophase  formation. 


The  above  discussion  represents  one  ma  jor  mechanism  for  format  ion  of  large 
aromatics  during  ai'enapht hy 1 ene  pyrolysis.  This  mechanism  has  been  verified  in  part 
bv  other  s t ud  i es  . > 82  However,  it  must  be  remembereil  that  several  reaction 

mechanisms  art'  probably  taking  place  at  the  same  t inu',  ami  the  relativt'  importance 
t)f  each  mechanism  is  depeiulent  upon  the  specific  pyrolysis  conditions. 
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B.  MKSOPHASK  THANSFOR>L\T iON  IN  ACKNAPHTHYI.KNE 
PYKOLYZEI)  IN  TEST  'a'BES 

The  characteristics  uf  the  mesophase  transformation  in  acenaphtliyl one  were 
determined  at  relatively  slow  rates  of  heating  (20°C/l>r)  during  pyrolysis  of  samples 
in  test  tubes.  Table  HI  gives  a list  of  a series  of  samples  of  acenaphthylene 
whicii  were  pyrolyzed  to  different  temperatures  from  306°C  to  5()0°C.  The  3%  weight 
loss  up  to  306°C  is  probably  due  to  evaporation  of  acenaphtliyl ene . 27  Above  306°C 
an  additional  52-53%  of  tiie  original  sample  weight  was  lost  due  primarily  to  vapori- 
zation of  acenaphthene  as  discussed  in  Section  A of  this  chapter.  Plots  of  weight 
loss  and  the  atomic  C/ll  ratio  as  a function  of  temperature  are  given  in  Figures  12 
and  13,  pages  31  and  32  respectively.  The  rapid  weight  loss  between  300°C  and 
400°C  occurs  as  the  C/H  ratio  increases  from  J . 52  to  2,10.  A change  in  the  residue 
appearance  from  yellow-orange  to  a black  pitch-like  material  takes  place  during 
this  temperature  range  as  the  acenaphtliyl ene  polymer  is  converted  to  large  planar 
aromatics.  The  C/H  ratio  of  2.1  at  494°C  (see  Table  III)  and  the  molecular  weight 
data  given  in  references  27  and  37  indicate  the  formation  of  aromatic  molecules  of 
approximately  30  rings  in  size  at  404°C.  Larger  molecules  would  be  expected  to  be 
present  if  the  sample  is  held  at  this  temperature  for  long  periods  of  time. 

There  are  no  major  differences  between  the  C/H  ratios  and  weight  loss  data 
given  in  Table  III  and  those  reported  in  the  1 i terature37, 38  for  pyrolysis  of  acena- 
phthylene at  10°C/min  in  argon.  However,  pyrolysis  in  air  does  permit  the  incorpora- 
tion of  small  amounts  of  oxygen  into  the  pyrolysis  residue  (see  Table  III,  page  33). 

Polished  sections  of  each  sample  listed  in  Table  TIT,  page  33,  were  observed 
at  room  temperature  using  reflected  polarized  light  microscopy  to  determine  the 
general  characteristics  of  the  mesophase  transformation  as  a function  of  pyrolysis 
temperature.  Mesophase  spheres  were  first  observed  in  samples  of  acenaphtliyl ene 
heated  to  404°C  (see  Figure  14).  The  spheres  were  randomly  dispersed  throughout  the 
sample  and  varied  in  size  up  to  a maximum  of  14  pm  in  diameter.  For  the  particular 
heating  cycle  used  in  this  study,  the  actual  temperature  of  formation  of  micron 
size  spheres  is  probably  in  the  390°C  to  404°C  temperature  range.  There  was  no 
optical  anisotropy  in  samples  heated  in  30b°C  and  351“C.  Continued  heating  to  426°C 
resulted  in  sphere  growth  and  coalescence  as  illustrated  in  Figure  15,  page  35. 
.Mesophase  spheres  as  large  as  200  pm  in  diameter  were  observed  in  this  sample. 

Figure  15  confirms  earlier  work-^'’  which  concluded  that  large  spheres  are  formed 
primarily  by  sphere  coalescence  during  acenaphthvl ene  pyrolysis.  After  heating  to 
426°C,  a random  distribution  of  spheres  was  found. 

Heat  treatment  of  acenaphthylene  to  450°C  produced  nucleation  of  new  spheres 
and  additional  growth  of  spheres  formed  at  lov./er  temperatures  (see  Figures  16-18, 
pages  35-37).  Sphere  growth  occurred  as  a result  of  direct  i ncorpora t ion  of  mole- 
cules from  the  isotropic  fluid  pitch  and  sphere  coalescence.  As  shown  in  Figure  18, 
page  37,  coalesced  spheres  as  large  as  500  - 600  pm  were  observed.  The  larger 
spheres  usually  show  a complex  arrangement  of  extinction  contours  when  observed 
using  crossed  pol.arizers  due  to  numerous  coalescence  processes  which  occur  faster 
than  rearrangement  of  molecules  to  produce  the  ideal  siihere  structure.  The  increase 
in  viscosity  which  occurs  as  the  mesophase  foniis  also  temls  to  hinder  molecular 
rearrangements.  Coalescence  of  spht-res  does  mU  neci'ssarily  start  to  occur  as  soon 
as  two  spheres  come  in  contact.  Examples  of  mesopliase  spheres  whicli  are  in  contact 
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TABLE  III 

CHEMICAL  ANALYSIS  DATA  ON  ACENAPHTHYLENE  SAMPLES 
PYROLYZED  IN  TEST  TUBES*^) 


NSWC/WOL/TR  76-113 


cgT-oroto;ocDLn 
in  f-  1-  r-  CM  fvi  00 

r-’  r-‘  CM  OM  CM  CM  CJ  cvi 


0> 

o 

— in 

OM 

O'. 

3-  ^ 

3 CO 

CO 

CO 

CO 

CO 

r^ 

O) 

(0 

in 

— in  — 

0-* 

in 

in 

in  ^ 

in 

ih 

O) 

O) 

o> 

Oi 

oocoomr^ococM 
i-oq^toa>o^«-o 
o o o o t-‘ 


(Dcor>.^^«^r*so 
QC  H X to  CO  r«*  in  ^ ^ 
$ in  00  00  CO*  00  CO  00 


corv  ^ Lf)  CM  osicor^ 

in  ^ o o*j  in  c*o  in 

CO  00  iri  iri  no  in 

jC)0)  0)^0)  0)0>C) 


in  o ^ o 


O ®ooin'75inin^*tf> 
oo^in-iiinininin 


IDi—  ^lOOcSjtDO 

oinocMinco<no 

oooo^^^rf^if’ 


33 


WSWC/WOL  'TH  76  113 


FIG.  14*.  ACENAPHTHYLENE  HEATED  TO  404°C 


*A1  1 i)iu5tomicrogr.i[)fis  givt'ti  in  Ch.i|itLC  T\’,  .Si'Cfion  B,  vt're  inkon  .)l  rnorn  teniperaluvi 
u.sing  rt‘f  1 ec  tnil  polarizi’d  lip.iil  (crossini  pn  I ,i  r i /.r.s)  imltss  statini  otlierwiso.  The 
black  background  in  piio  Lograph:  ucli  as  Figuri’s  1 -i  and  IT  is  unt  ransforrned  piicli 

wiiicii  is  optically  isotropi.  . I he  straiglit  I incs  across  the  plu't  ographs  in  random 
directions  as  shovvii  in  Kiguri’s  IT  (page  15)  and  IH  (page  37)  are  polishing  scratclu 


1'. 


FIG.  17.  MESOPHASE  SPHERES  FORMED  BY  HEATING  ACENAPHTHYLENE  TO  450°C 
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FIG.  18.  ACENAPHTHYLENE  HEATED  TO  450°C  SHOWING  EXTINCTION  CONTOUR  CHANGES 
DUE  TO  ROTATING  THE  PLANE  OF  POLARIZED  LIGHT  (CROSSED  POLARIZERS) 
CLOCKWISE  FROM  0°  TO  60° 
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; but  have  not  begun  growing  togellier  uif  sliown  in  Figure  18,  page  '37  and  Figures  19 

and  20.  Figures  19  and  20  are  plioLoniierugraphs  of  the  same  area  at  different  magni- 
I fications.  After  the  reflected  polarized  liglit  pliotoniicrogra])h  was  made  (Figure  19), 

I the  polished  surface  of  the  sann)  I e was  i-tched  for  about  10  seconds  in  acetone.  The 

I untransformed  pitch  is  more  soluble  than  the  mesophase  and  is  preferentially  etched 

^ away;  producing  a sharp  line  at  the  mesopliase  spiiere-unt  ransformed  pitch  interface 

which  may  be  observed  under  reflected  light  (see  Figure  20).  This  technique  is 
useful  to  indicate  sphere  coalescence  as  shown  in  Figure  20,  and  makes  it  possible 
to  detect  micron  size  mesophase  splieres  in  pyrolyzed  samples  (see  Figure  21, 
page  40) . 

The  sample  heated  to  450°C  also  contained  regions  larger  than  2 nmi  in  size  in 
which  spheres  had  grown  together  to  produce  tlie  coalesced  mesophase  (see  Figures 
; 22-25,  pages  40-43).  Figures  lb  tlirougli  25,  pages  35-43,  represent  different  areas 

I in  the  same  sample,  and  illustrate  the  inhomogeneous  nature  of  tiie  mesophase  formed 

i during  heating  acenaphthylene  to  450°C.  UTiite  and  Pricel*^  have  classified  several 

types  of  coalesced  mesophase  microstructures  wliich  are  known  to  form  during  the 
pyrolysis  of  petroleum  pitches.  Some  of  tliese  mi crostructural  types  also  formed 
j during  acenaphthylene  pyrolysis.  Using  the  terminology  of  kliite  and  Price, 

t Figure  24,  page  60  would  re[)resent  a coalesced  mesophase  region  with  a "course 

isotropic"  microstructure.  In  contrast  to  the  isotropic  structure.  Figures  22  and 
23,  pages  40  and  41  give  examples  of  the  coalesced  mesophase  with  a "fibrous"  micro- 
structure. Fibrous  microstructures'- have  been  classified  as  "fine  fibrous"  if  the 
distance  between  the  extinction  contours  observed  under  polarized  light  microscopv 
is  less  than  10  pm.  As  shown  in  Figures  25  and  26,  page  43,  the  fibrous  structures 
found  in  the  coalesced  mesophase  from  acenaphthylene  heated  to  450PC  would  be 
classified  as  "course." 

Figure  24,  page  42  shows  several  types  of  nodes  and  crosses  which  were  observed 
using  crossed  polarizers.  Ti\ey  are  commonly  observed  in  the  coalesced  mesophase 
and  in  large  coalesced  spheres  (see  Figure  18,  page  37).  These  nodes  and  crosses 
are  produced  by  the  coalescence  of  itieal  mesopliase  spheres and  represent 
defects  in  the  stacking  of  the  large  aromatic  molecules  which  comprise  the  meso- 
phase. Various  types  of  nodes  and  crosses  represent  particular  stacking  defects 
which  have  been  characterized  for  nematic  liquid  crystals'^^  and  also  for  the 
coalesced  mesophase . 

Using  boiling  quinoline  in  a soxhiet  extractor,  a sample  of  acenaiiht hy 1 one 
previously  heated-  to  450°C  was  extracted  for  ten  iiours.  This  procedure  was  used 
to  separate  the  insoluble  mesophase  from  t lie  untransformed  pitch  material  which  is 
quinoline  soluble.  After  extraction,  mesophase  spheres  were  obtained  and  examined 
using  reflected  light  (see  Figure  27).  Single  spheres  were  easily  fractured  when 
a slight  stress  was  applietl  with  a probe.  The  fracturing  )iroccss  often  resultt'd 
in  hemispheres,  confirming  that  the  layer  structure  of  the  molecules  in  an  ideal 
sphere  is  a plane  of  weakness. 

Samples  of  extracted  iiu’sophase  were  also  j\!ued  to  an  aluminum  sample  holder, 
coated  with  a gold  film  about  50  nm  thick  in  a vacuum  eva|iorator,  and  observi'd 
using  scanning  electron  microscopv  (SKM).  As  shown  in  Figure  28,  the  extracted 
sample  contained  spheres  and  |)ieces  ol  coalesced  mesophase.  F.xamples  of  singlt' 
mesophase  spheres  and  clusti-rs  of  spheres  are  givim  in  Figures  29-11,  paga'S  4b  and 
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FIG.  19.  REFLECTED  POLARIZED  LIGHT  PHOTOMICROGRAPH 
OF  MESOPHASE  SPHERE  COALESCENCE 


FIG.  20  REFLECTED  LIGHT  PHOTOMICROGRAPH  OF 
MESOPHASE  SPHERE  COALESCENCE 
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REFLECTED  LIGHT  PHOTOMICROGRAPH  OF  MICRON  SIZE 
MESOPHASE  SPHERES  FORMED  DURING  HEATING 
ACENAPHTHYLENE  TO  450°C 


FIG  22  COALESCED  MESOPHASE  AND  MESOPHASE  SPHERES 
IN  ACENAPHTHYLENE  HEATED  TO  450°C 


COARSE  FIBROUS  MICROSTRUCTURE  (REGION  B)  NEAR 
A GAS  PORE  IN  THE  COALESCED  MESOPHASE  FORMED 
DURING  HEATING  ACENAPHTHYLENE  TO  450<>C 


GAS  BUBBLE 


FIG.  26  HIGHER  MAGNIFICATION  OF  REGION  B IN  FIGURE  25 
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FIG  28  extracted  ME SOPHASE  SPHtRES  ANO  COAl  t SCLO 

MESOPHASE  PARTICLES  OBSERVED  WITH  A SCANNING 
ELECTRON  MICROSCOPE 
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47.  Tliesf  photomicrograplis  illusiratu  a ranpc  of  splicre  sizes  from  less  tlian  4 j.m 
to  about  500  pm.  Figures  29- jl  iiulieate  that  ix  t r.ie  t ed  spheres  larger  than  about 
13  pm  in  diameter  usually  wt-re  crackl'd.  Tlu'  harsh  extraction  conditions  are 
believed  to  be  responsible  for  the  cracks  in  spheres.  Heating  of  extracted  spheres 
to  500°C  on  a microscope  hot  stage  produci'd  no  I'vidence  of  melting  or  softening  of 
the  spheres.  .Apparent  Iv  extraction  removed  somi'  of  the  low  molecular  weight  hydro- 
carbons in  mesophasi'  spheres  which  are  resj^onsible  for  the  fluid  nature  of  the 
spheres  at  the  temperaturi'  of  spheri'  formation.  This  would  explain  the  cracks  in 
extracted  splu-res,  and  would  make  them  infusible. 

A density  gradient  ci<lumn  composed  of  toluene  and  I,  1,  2,  2 - tetrabromo- 
ethane  (ASTM  standard  1)1505)  was  used  to  determine  the  density  of  extracted  meso- 
piiase  spheres.  Spheres  and  0.5  mm  diameter  particles  of  coalesced  mesophase  wore 
found  to  vary  in  density  from  1.40  g/cm*  to  1.52  g/cm^.  Lewis  and  Singlcr^^'’ 
reported  a value  of  1.52  g/cm*  for  the  density  of  mesophase  spheres  formed  during 
heating  acenaphthylene  at  400°C  for  12  hours.  Mesophase  spheres  separated  from 
pyrolyzed  pitches  (see  i'abli-  1,  page  10)  are  known  to  be  more  dense  than  the 
isotropic  unconverted  pitch  and  have  been  reported  10,24,s8  sink  to  the  bottom 
of  the  pyrolysis  vessel  during  heating.  However,  the  samples  observed  in  this 
study  did  not  show  any  conclusive  evidence  of  the  mesophase  sinking  to  the  bottom 
of  the  test  tubes.  Convection  currents  and  stirring  of  the  mesophase-pi tch  mixture 
by  volatile  pyrolysis  by-products  may  have  prevented  mesophase  spheres  from  sinking 
to  the  bottom  of  the  test  tubes. 


After  heating  to  466°C,  acenaphthylene  was  more  than  50%  converted  into  the 
ordered  mesophase.  The  microstructure  of  the  4bb°C  heated  sample  was  ver\’  similar 
and  just  as  inhomogeneous  as  that  of  the  450°C  pyrolyzed  sample  described  above. 
Regions  containing  mesophase  spheres  and  coalesced  mesophase  were  present  (see 
Figure  32),  but  the  extent  of  formation  of  the  completely  coalesced  mesophase  was 
much  greater  than  in  the  acenaphthylene  sample  pyrolyzed  to  450°C. 


Between  466°C  and  500°C,  acenaphthylene  was  completely  converted  into  tht> 
coalesced  mesophase,  producing  a microstructure  as  shown  in  Figures  33  and  34.  At 
500°C  the  mesophase  had  solidified  and  the  microstructure  or  molecular  ordering 
became  fixed.  The  microst  ructure  developed  at  this  |)oint  will  not  chang.e  signifi- 
cantly on  heating  to  graph i t i zat ion  temperatures  (2800°C) 


Horne*  ^ has  reported  that  pyrolysis  of  acena]->hthyl  ene  below  the  tempo 
of  dejjolymer  izat  ion  for  long  periods  of  time  (14  hrs.  at  300°F)  will  resul 
pitch  which  undergoes  mesophase  sphere  formation  as  low  as  370°C.  This  ac 
thylene  pitch  was  completely  converted  into  the  coalesced  mesophase  after 
for  18  hrs.  at  400°C  in  argon.  A 50%  by  wi'ight  conversion  of  acenapht  hv  1 e 


the  mesophase  was  found  after  heating  at  400°C  for  12  hours. 


1 h 


Singer  and 
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rei>orted  that  acenaphthylene  pyrcilyzt'd  in  an  argon  .atmosphere  to  43()''t'  |iro 
mesoph.ise  spheres  up  to  1 00  pm  in  size.  In  the  curri'iit  study,  spheres  as 
200  pm  were  observed  in  samples  |)yrolyzed  to  42b°C.  These  different  stiuli 
trate  the  wide  range  of  temperature-time  conditions  which  prodm-e  sphi'n  f 
in  acenaphthylene  and  complete  conversion  into  the  coalesced  mesoiihase.  C 
conversion  of  acenaphthylene  into  unccei  I esci'd  spheres  is  ,ilso  known  to  oci- 
the  pyrolysis  is  conducted  at  high  |5ressnres  (2h0  MN/m^)  . 
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FIG.  30. 


SCANNING  ELECTRON  PHOTOMICROGRAPH  OF  MESOPHASE 
SPHERES  ISOLATED  BY  EXTRACTING  A SAMPLE  OF 
ACENAPHTHYLENE  WHICH  WAS  PYROLYZED  TO  450°C 


FIG.  31  HIGHER  MAGNIFICATION  OF  REGION  A IN  FIGURE  30 
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FIG.  32.  MESOPHASE  GROWTH  AND  COALESCENCE  IN  AN 
ACENAPHTHYLENE  SAMPLE  HEATED  TO  466°C 
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FIG.  33.  COIVIPLErei-Y  COALESCED  MESOPHASE  IN  A SAMPLE  OF 
ACENAPHTHYLENE  HEATED  TO  500“C 


GAS 

BUBBLE 


FIG  34  ACENAPHTHYLENE  COMPLETELY  THANSI  cmiVlb  1)  INTO  THE 
COALESCED  MESOPHASE  AT  f.0n''C 


NSWC/WOL/TR  761 13 


Several  factors  are  considered  noteworthy  at  this  point.  Acenaidit hy 1 ene 
samples  cooled  rapidly  to  room  temperature  after  pyrolysis  first  bej;;in  to  show 
gas  bubbles  frozen  in  tlie  residue  at  450°C.  Numerous  bubljles  were  present  in 
samples  cooled  rapidly  from  462°C,  466°C,  and  'iOO°C.  This  is  ciiaracter  i st  ic  of 
viscosity  increases  as  the  degree  of  mesophase  transformation  increases.  The 
regions  around  tiie  gas  bubbles  or  jiores  were  more  often  than  not  com])osed  of  the 
fibrous  microstructure  (see  Figures  35  and  36).  In  addition,  tlie  fine  fibrous 
mierostructure  was  not  observed  until  acenaphthylene  was  heated  above  466°C. (see 
Figure  36).  However,  only  a small  percent  (<20%)  of  the  total  sample  was  trans- 
formed into  regions  showing  the  fine  fibrous  microstructure.  UTilte  and  Pricc'^^’** 
have  reported  that  gas  bubble  formation  stresses  the  coalesced  mesophase  formed 
during  the  pyrolysis  of  pitches.  The  stress  deforms  the  coalesced  mesophase  and 
causes  tlie  formation  of  the  fine  fibrous  structure  which  is  characteristic  of  good 
needle  cokes.  This  can  happen  only  if  the  coalesced  mesophase  is  sufficiently 
fluid  to  undergo  extensive  mechanical  deformation  just  prior  to  solidification. 
Apparently,  this  same  phenomenon  produces  the  fine  fibrous  microstructure  in  the 
mesophase  from  acenaphthylene. 


C.  PYROLYSIS  OF  ACENAPHTHYLENF.  USING  A 
MICROSCOPE  HOT  STAGE 


A common  method  used  to  study  liquid  crystal  formation  is  direct  observation 
of  the  sample  using  a microscope  hot  stage.  Since  liquid  crystals  wet  glass,  their 
formation  may  be  observed  in  liquid  films  between  glass  plates  with  a polarized 
light  microscope.  The  carbonaceous  mesophase  is  similar  to  a nematic  liquid  crystal 
and  is  known  to  wet  mica,  ^ carbon  and  graphite  particles,  9,10  ^letal  oxide 

particles. A simple  microscope  hot  stage  was  built  (see  Figure  11,  page  28)  lo 
observe  mesophase  formation  in  acenaplithy lene  in  the  400°C  to  500°C  temperature 
range.  The  intent  was  to  obtain  direct  information  on  the  influence  of  gas  bubble 
tormation  and  percolation  on  the  mesophase  at  the  temperature  of  mesophase  fomation. 

1 . Preliminary  Experiments 

Preliminary  experiments  using  the  microscope  hot  stage  revealed  a number  of 
technical  problems.  As  reported  earlier,  56%  of  the  sample  weight  is  removed  during 
pyrolysis  to  500°C  as  volatile  by-products.  These  gases  tend  to  ct>ndense  on  the 
microscope  objective  and  prevent  direct  observation  of  the  sample  while  it  is  being 
heated.  The  hot  gases  also  liave  a corrosive  effect  on  the  objective.  If  a glass 
plate  is  placed  between  the  objective  and  the  cover  glass  on  the  hot  stage,  gaseous 
pyrolysis  products  condense  on  it  immediately  and  also  prevent  direct  observation 
of  the  sample  using  reflected  polarized  light.* 

An  attempt  was  made  to  remove  tlie  volatile  by-products  by  passing  an  inert  gas 
(argon)  over  the  top  cover  glass  and  also  directing  a stream  of  gas  across  the  tip 
ot  the  objective.  This  technique  prevented  volatile  by-products  from  obscuring  the 
view;  however,  it  caused  a severe  temperature  gradient  from  the  bottom  glass  slidi' 
to  the  top  cover  glass.  As  a result,  the  top  cover  glass  was  below  the  lemperalun- 


*Films  of  the  black  p i t ch-mesophase  mixture  as  thin  as  50  im  were  not  transparent 
to  light,  and  the  samples  could  be  observed  only  with  reflecteil  polarizeil  lij’Jit. 
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FIG.  35.  FIBROUS  MICROSTRUCTURE  IN  ACENAPHTHYLENE  PYROLYZED  TO  500°C 


FIG  36  FINE  FIBROUS  MICROSTRUCTURE  AROUND  A GAS  PORE  IN 
AN  ACENAPHTHYLENE  SAMPLE  HEATED  TO  500'>C 
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required  for  mesophase  formation  (400°C)  and  the  mesophase  transformation  could  not 
be  observed.  Several  experiments  were  conducted  using  the  argon  flow  to  sweep  awav 
the  pyrolysis  gases.  No  optical  anisotropy  was  observed  at  elevated  temperaturi- 
even  when  the  samples  of  acenaphthylene  were  heated  on  the  hot  stage  to  460°(\* 

Two  experiments  were  conducted  in  which  no  argon  was  used  to  sweep  away  the 
volatile  by-products.  The  objective  was  raised  away  from  the  hot  stage  to  prevent 
gases  from  condensing  on  it.  When  the  hot  stage  reached  440°C,*  the  objective  was 
lowered  and  mesophase  sphere  formation  and  coalescence  aiuld  be  observed  directly 
for  one  or  two  minutes  before  the  objective  tip  was  coated  with  condensate.  Samples 
of  acenaphthylene  pyrolyzed  in  this  manner  were  rapidly  cooled  to  room  temperature 
in  two  to  three  minutes  by  removing  them  from  the  hot  stage  with  tweezers.  Mesophase 
droplets  were  found  to  wet  the  glass  slides.  As  a result,  polarized  light  extinction 
contours  which  represent  molecular  ordering  could  be  observed  directly  througli  either 
the  top  or  bottom  glass  slides.  Figures  37  through  40,  pages  53  and  54,  summarize 
the  results  of  observations  made  at  room  temperature  using  reflected  polarized  light. 

A random  distribution  of  mesophase  droplets  up  to  16  pm  in  size  was  observed  in 
several  regions  as  shown  in  Figure  37.  This  photomicrograph  gives  many  examples  of 
extinction  contours  and  crosses  which  indicate  that  the  majority  of  the  droplets 
have  the  same  optical  characteristics  as  observed  in  polished  cross  sections  of 
samples  containing  ideal  mesophase  spheres.  In  other  regions  of  the  samples,  strings 
of  coalesced  mesophase  droplets  were  observed  (see  Figures  38-40,  pages  53,  54). 

The  coalesced  droplets  were  found  to  be  as  large  as  60  pm  in  size,  indicating  tiiat 
several  smaller  spheres  had  coalesced  to  produce  the  strings  of  mesophase  droplets. 

It  is  now  known  that  these  strings  of  coalesced  mesophase  droplets  are  formed  by 
gas  bubble  percolation  through  the  sample.  This  phenomenon  will  be  described  in 
detail  in  the  following  section. 

The  term  mesophase  "droplet"  instead  of  mesophase  sphere  will  be  used  in  dis- 
cussing the  hot  stage  results.  Since  the  mesophase  must  wet  the  cover  glass  to  be 
observed,  it  does  not  form  as  a perfect  sphere.  The  mesophase  probably  takes  on  a 
hemispherical  shape  in  these  experiments  with  the  flat  part  of  the  hemisphere  next 
to  the  cover  glass.  Therefore,  the  term  droplet  will  be  used  to  describe  the  mesophase 
particles  formed  Initially  during  hot  stage  pyrolysis. 

The  microstructures  illustrated  by  the  photographs  on  pages  53  and  54,  and  all 
otlter  photographs  in  Section  C of  Chapter  i.V,  could  be  observed  through  either  tiie 
top  or  bottom  glass  slide.  Unless  stated  otherwise,  all  photographs  were  taken  at 
room  temperature  using  reflected  polarized  light  which  passed  tlirough  the  glass 
slide.  Careful  separation  of  the  glass  slides  frequently  caused  the  pyrolysis  residue 
to  cleave  away  from  the  glass  surface.  In  such  cases  the  surface  of  the  pyrolvsis 
residue  which  had  wet  the  glass  slide  could  be  examined  directly  using  reflc-cted 
polarized  light.  The  microstructure  of  the  sample  surface  was  tiie  same  when  observed 
directly  as  it  was  when  observed  through  tiie  glass  slide.  In  addition,  no  apiiarent 
differences  were  noted  between  tiie  mesophase  microstructure  observed  at  420°C  to 
450°(;  .md  that  observed  at  room  temperature.  Tliis  indicates  that  the  polarized 
liglit  extinction  contours  observed  in  the  iiot  stage  microscopy  part  of  this  si  udv 
were  a result  of  molecular  ordering,  and  not  due  to  strain  effects  in  the  glass 
slides  or  the  sample  itself. 

*No  attempt  was  made  to  accurately  program  the  t empe rat ure-t i me  cvele  in  the  iinlimi- 
nary  experiments.  The  actu.il  sample  temperalurt'  was  20  - 30°C  1 owt' r ( lian  I liat  ot  t hi' 
hot  stage.  A discussion  on  temper. iture  me.isurement  is  given  in  sect  ion  ('.2  ol  this 
(di.ipter . 
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FIG  37  MESOPHASE  DROFLE3  FORMATIOM  DURING  HOT  STAGE 
PYROLYSIS  OF  ACENAPHTHYLENE 


FIG  38  STRINGSOF  COALESCEDMESOPHASE  OROPLE  TS  lORMLD 
DURING  HOT  STAGE  PYROl  YSIS  OF  ACEN APHTHYLENt 
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HG  39  GAS  bubble.  THACKS  IN  1 HL  MESOl'HASE  HUOUUCtD  DUKING 
HOI  STAGE  PYROLYSIS  OF  ACE  NAl-H  I H YLENL 


FIG  >11  ME  SOI’HASE  OROPLE  T COALESCENCI  CAUSE  I)  BY  BURBLE 

Pf  RCOl  AflON  IN  AN  ACf  NAE'HTHYLE  NF  SAMPLI  PYROl  Y.'ED 
UN  A MOl  SE  AGF 
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2.  Influence  of  C.as  Bub_b^les  on  Mosoph.•^^u^  Format  ie)n 

Changes  were  made  in  the  hot  stage  pvrolysis  technique  to  allow  direct 
observation  of  the  sample  using  reflected  polari/.ed  light.  i’he  microscope  and  hot 
stage  were  positioned  next  to  a large  vent  attached  to  an  exhaust  fan.  This  allowed 
efficient  removal  of  the  volatile  pyrolysis  gases  without  causing  a large  temperature 
gradient  from  the  bottom  glass  slide  to  the  top  cover  slide.  As  a result,  mesophase 
formation,  growth,  and  coalescence  could  be  observed  at  the  temperature  of  formation. 

A thermocouple  touching  the  bottom  glass  slide  (see  Figure  11,  page  28)  was 
used  to  measure  the  temperature.  Tlie  actual  sample  temperature  would  be  expected 
to  be  less  th;m  the  measured  temperature,  since  a temperature  gradient  probably 

exists  from  the  bottom  glass  slide  to  the  top  cover  slide.  In  order  to  better 

determine  the  sample  temperature,  melting  point  standards  which  melt  at  206°C, 

216°C,  258°C,  and  318°C  were  used  to  calibrate  the  liot  stage.  i'he  results  indicate 
the  measured  temperature  is  20°C  to  30°C  higher  than  the  true  temperature  of  the 
sample.  A liole  had  been  cut  in  the  insulation  covering  the  top  of  the  sample  (see 

Figure  11,  page  43)  in  order  to  observe  mesophase  formation  during  pyrolysis.  This 

probably  caused  a temperature  variation  of  a few  degrees  across  the  sample  in  the 
horizontal  direction  from  the  center  to  the  edge  of  the  glass  slides.  Accurate 
temperature  measurements  would  enable  one  to  determine  the  temperature-time  condi- 
tions necessary  for  mesophase  formation.  However,  it  is  not  essential  to  knovi’  the 
exact  temperature  in  a study  of  the  influence  of  gas  bubble  percolation  on  tlie 
mesophase.  In  this  discussion  of  the  hot  stage  pyrolysis  of  acenaplitltvlem  , the 
sample  temperatures  reported  are  approximate  and  were  determined  by  subtracting 
25°C  from  the  measured  temperature  of  the  copper  heating  block. 

Figures  41  and  42,  ptiges  56  and  57,  give  examples  of  the  maximum  and  minimum 
heating  rates  for  the  hot  stage.  As  indicated,  samples  v^'ere  heated  rapidly  to  about 
370°C  in  40  minutes.  This  temperature  \-nis  lield  for  approximately  25  minuti's  to 
allow  removal  of  the  large  amounts  of  volatile  acenaphthylene  formed  during  pyrolysis. 
.Mesophase  formation  was  accomplished  using  heating  rates  of  0.6°C/min  to  l.T^C/min. 

The  slower  heating  rate  produced  mesopliase  formation  at  temperatures  as  low  as 
413°C  compared  to  421°C  for  the  1.3°C/min  heating  rate.  Samples  pyrolyzt'd  in  ti'si 
tubes  (see  Chapter  IV,  Section  B)  at  0.3°C/min  were  heated  for  limger  times  neai" 

400°C  and  produced  sphere  formation  at  even  lower  temiie rat ures  (about  4()()°C)  . 

A total  of  seven  experiments  were  conducted  in  which  mesopliase  fonnation, 
growth,  and  coalescence  was  observed  directly  using  reflected  ptilarized  light 
microscope  (.luring  the  pyrolysis  of  acenaphthylene  on  the  hot  stage.  The  discussion 
that  follows  is  based  on  actual  observations  (at  magnifications  of  50  .ind  100)  i>t 
mesophase  formation  and  coalescence  between  413°C  and  455°C.  Althc'ugh  lU'  photi'- 
graphs  were  taken  as  the  samples  were  being  pvrolyzed,  photographs  taken  .liter  tlie 
iieated  s.imples  we  ri'  rapidly  cooled  to  room  tem|ierature  can  be  used  t (’  i I lust  rate  t he 
results  of  these  experiments.  The  results  will  bi'  discussed  in  terms  ol  tlie  tvpes 
of  phvsic.al  effects  that  gas  bubbli's  liave  on  tlie  meso]iliase.  Tliese  occur  t ('  some 
extent  tliroiighout  the  entire  temperature  rang.e , even  tliough  incre.ises  in  I iiiie  or 
temperature  gr.ulu.illy  increase  the  percent  o!  coa  1 (.'sctnl  iiu-si'pliase  present  in  the 
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FIG.  42.  TEMPERATURE  TIME  CYCLE  FOR  HOT  STAGE  PYROLYSIS  OF  ACENAPHTHYLENE 
MINIMUM  HEATING  RATE 
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Oil  melting  at  86  - 90°C,  acenaphthylene  was  converted  into  a light  yellow 
litiuid.  The  yellow  liquid  darkens  and  clianges  from  yellow  to  orange  to  red-orange 
in  the  JOO“C  to  350°C  temperature  range.  Soon  afterwards  a black  pitcli-like  liquid 
louiis  and  gas  evolution  becomes  rapid  in  the  350°C  to  400°C  tem))eruture  range.  This 
corresponds  to  the  removal  of  gaseous  by-products,  primarily  acenaplithene , which 
foniis  as  a result  of  degradation  of  the  acenaphthylene  polymers.  During  this 
tempe taiture  range  gas  bubbles  were  observed  to  move  across  the  field  of  view  in  a 
fraction  of  a second  (at  lOO.X,  the  field  of  view  was  about  1000  pm  in  diameter). 

The  gas  bubbles  were  usually  in  the  range  of  250  to  300  pm  in  diameter,  but  varied 
in  size  from  a few  micrometers  to  1000  vim. 

Above  400°C  the  formation  of  gas  bubbles  decreased  rapidly  and  two  to  ton 
seconds  were  required  for  bubbles  to  travel  1000  pm  in  the  sample.  Bubbles  were 
observed  to  form  and  move  through  the  1000  pm  diameter  field  of  view  at  5 to  10 
second  intervals.  After  tieating  to  temperatures  in  the  range  of  413°C  to  421°C, 
mesophase  droplets  were  found  in  all  samples  when  observed  through  either  the  top 
or  bottom  glass  slide.  These  droplets  were  usually  less  than  20  )im  in  diameter  and 
were  randomly  dispersed  throughout  the  liquid  pitch  as  shown  in  Figure  43.  Oas 
bubbles  were  observed  to  push  the  mesophase  droplets  around  almost  immediately  after 
they  were  formed.  Bubble  formation  in  a region  similar  to  that  shown  in  Figure  43 
pushed  the  mesopliase  droplets  aside  and  forced  them  together,  causing  coalescence, 
'■lovement  of  gas  bubbles  through  the  same  region  caused  coalescence  of  mesophase 
droolets  along  the  front  and  sides  of  the  gas  bubble  track.  As  a result,  the 
In  )bles  produced  a line  or  string  of  coalesced  mesophase  droplets  along  the  boundary 
ot  the  bubble  path  (See  Figures  44  and  45,  page  60). 

'fempe rature  increases  or  increased  in  time  at  a fixed  temperature  caused  the 
mesopliase  droplets  to  grow  in  size  and  number.  However,  the  primary  mode  of  droplet 
growth  was  coalescence  caused  by  gas  bubbles  pushing  droplets  together.  Repeated 
bubble  percolation  through  the  same  region  formed  strings  of  coalesced  mesophase 
and  coalesced  dri'plets  an  order  of  magnitude  larger  in  size  than  the  mesophase 
droiilets  fornk'd  in  regions  of  the  sample  with  little  or  no  gas  bubble  percolation 
(see  Figures  46  and  47). 

The  influence  of  gas  bubble  percolation  on  mesophase  formation  in  a large 
region  ol  the  sample  is  illustrated  in  Figure  48,  page  62.  Figure  48  is  a composite 
photograph  showing  one-fourth  of  a sample  of  acenaphthylene  heated  to  about  425°t: 
and  held  at  tliis  temperature  for  forty  minutes.  This  photograph  shows  si'vt'ral 
1‘xamples  of  strings  iil  coalesced  mesophase  droplets  fomed  by  bubble  pe  I'co  I at  i on . 

(.'as  bubbles  tormed  in  the  region  at  A and  moved  through  the  sample  along  the  bubble 
l lacks  indicated  at  B.  The  white-spotted  circular  region  at  C is  a g.is  bubble 
about  400  urn  in  size  which  w.as  moving  from  A towatal  the  large  hulible  at  l>.  file 
bubble  at  F in  Figure  48,  page  62  w;is  frozen  in  place  by  rapid  cooling  ot  the  sample. 
During  pyrolysis,  about  10  to  15  seconds  were  required  for  bubbles  to  move  t rom  A 
to  1).  (.as  bubbles  repeatedly  moved  froni  A to  D and  pushed  dro]ilets  ol  mesophase  K'ss 
than  20  - 30  pm  in  size  to  the  sides  of  the  bubble  pa' h where  thev  became  crowded 
together  .ind  were  torced  to  coalesced.  This  patti-rn  of  droplet  fornution,  tollowed 
bv  torced  coalescence  due  to  bubble  percolation  was  observed  in  all  seven  expe r i men 1 . 
At  higlu'r  magn  i I i cat  i ons  (see  Figures  49  and  50,  iiages  63  .and  ti5),  it  appears  that  t he 
gas  bubble  at  0 in  Figure  48,  page  62  h;ts  undergom-  delormation  t rom  its  norm.il  c i r- 
. Ill  ar  sh.ipe  due  to  a collision  with  a coalesiuul  droplet  ol  mcsiqili.ise  .ilong  the  sidi- 
ot  the  bubble  track.  Apparently,  coalesced  (Inqilets  larger  than  about  100  ,m  in 
-.i/c  fi'sist  lu-ing  pushed  tiside  by  gas  bubbles  due  to  tiie  increased  conl.ict  betwei’ii 
the  gl.iss  slide  and  the  droplet. 
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FIG.  43.  INITIAL  FORMATION  OF  MESOPHASE  DROPLETS  IN  ACENAPHTHYLENE 
HEATED  TO  421°C  ON  THE  MICROSCOPE  HOT  STAGE 
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FIG.  44.  STRINGS  OF  COALESCED  DROPLETS  OF  MESOPHASE  FORMED 
BY  GAS  BUBBLE  PERCOLATION 


HIGHER  MAGNIFICATION  OF  REGION  A IN  FIGURL  44 


FIG  45 
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FIG.  46.  ACCELERATED  COALESCENCE  OF  MESOPHASE  DROPLETS  DUE  TO  GAS 

BUBBLE  PERCOLATION  DURING  HOT  STAGE  PYROLYSIS  OF  ACENAPHTHYLENE 


FIG,  47.  COALESCED  MESOPHASE  DROPLETS  OUTLING  THE  PATH  OF  GAS 
BUBBLES  WHICH  FORMED  DURING  ACENAPHTHYLENE  PYROLYSIS 

1 


NSWC  WOL  TH  76  113 


FIG  48  COMPOSITE  PHOTOGHAPH  SHOWING  STh’INGS  Of  MTSOPHASE 

OROPltTS  FORMEO  BY  GAS  lUIRIUF  PERCOLATION  DURING  PYROl  YSIS 


FIG.  49.  GAS  BUBBLE  (Ct  TRAPPED  IN  A BUBBLE  TRACK  BY  RAPID  COOLING 

OF  A SAMPLE  OF  ACENAPHTHYLENE  PYROLYZED  ON  THE  HOT  STAGE 
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Figure  48,  page  62  and  Figure  50,  page  65  illustrate  another  point.  As  discussed 
previously,  most  droplets  of  mesophase  in  the  path  of  a gas  bubble  are  pushed  aside. 
Small  droplets  of  mesophase  not  visible  in  front  of  a gas  bubble  were  observed  to  be 
pushed  against  the  top  cover  glass  by  the  bubble.  This  caused  the  mesophase  droplets 
to  become  attached  to  the  top  cover  glass  inside  the  gas  bubble.  As  a result,  the 
droplets  became  visible  as  white  spots  inside  the  bubble  as  shown  at  C in  Figure  49, 
page  63  and  Figure  50,  page  65.  After  the  gas  bubble  moved  away,  the  droplets  wetting 
the  top  cover  glass  slowly  lost  contact  with  the  glass  and  disappeared  into  the 
liquid  pitch.  This  phenomenon  was  not  observed  consistently.  However,  when  it  did 
occur,  the  trail  of  small  mesophase  droplets  attached  to  the  top  cover  glass  dis- 
appeared a few  seconds  after  the  bubble  moved  away. 

Another  area  of  the  sample  described  above  shows  long  strings  of  coalesced 
mesophase  almost  one  mm  long  (see  Figure  51).  These  strings  of  completely  coalesced 
mesophase  were  formed  when  a single  gas  bubble  moved  from  A to  B in  the  photo.  Prior 
to  the  gas  bubble  movement,  the  entire  region  was  composed  of  small  mesophase  droplets 
similar  to  region  D.  Repeated  gas  bubble  percolation  through  a region  causes  a rapid 
increase  in  the  size  of  the  coalesced  droplets  but  decreases  the  total  number  of 
droplets  present. 

When  a gas  bubble  moved  a mesophase  droplet,  the  polarized  light  extinction 
contours  were  changed,  indicating  rearrangemenc  of  the  molecular  structure  in  the 
droplet.  In  most  cases,  at  least  part  of  the  droplet  lost  contact  with  the  glass 
surface  and  it  was  not  possible  to  observe  the  entire  droplet.  The  surface  of  meso- 
phase droplets  next  to  the  cover  glass  became  torn  and  disorganized  if  the  droplets 
were  repeatedly  moved  around.  They  could  not  maintain  a smooth  surface  next  to  the 
cover  glass,  and  it  was  not  possible  to  distinguish  the  extinction  contours  as  shown 
in  Figure  52.  The  appearance  of  mesophase  droplets  in  Figure  52  is  in  sharp  contrast 
to  the  well  defined  extinction  contours  observed  in  droplets  which  remain  stationary 
for  10  to  20  minutes  as  shown  in  Figure  46,  page  60. 

Coalescence  of  mesophase  droplets  was  observed  along  the  front  and  sides  of  gas 
bubbles  moving  tlirough  the  sample.  Tlie  actual  coalescence  process  occured  within 
five  seconds  after  initial  contact  of  two  droplets.  Coalescence  in  such  a sliort 
period  of  time  indicates  that  the  mesophase  droplets  are  very  fluid  at  410°C  to 
450°C.  Polarized  light  extinction  contours  began  to  ctiange  in  each  droplet  immedi- 
ately after  their  initial  contact,  indicating  rearrangement  of  the  molecules  in  the 
mesophase  droplet.  Movement  of  the  extinction  contours  continued  until  the  two  drop- 
lets grew  together  into  an  oblong  shape.  In  samples  pyrolyzed  in  test  tubes  si)heres 
in  contact  with  one  another  were  sometimes  observed  to  be  deformoti  rather  than 
coalesced.  Coalescence  would  not  be  expected  to  occur  if  the  iru'lecular  layers  of 
each  sphere  are  orientated  at  the  point  of  contact  in  a manner  that  prevents  inter- 
leaving of  the  layers.  However,  the  stress  applied  to  mesophase  droplets  by  gas 
bubble  percolation  is  apparently  sufficient  to  force  mesopliase  tiroplets  tii  coalesce 
regardless  of  the  orientation  of  molecules  at  the  point  of  contact. 

Other  indications  of  the  fluid  nature  of  the  acenaplithvlene  mesopliase  were 
found.  Droplets  of  mesiipliase  larger  than  approximately  200  pm  in  diami-ter  tinui  to 
resist  being  moved  by  bubbles  of  about  the  same  size.  Mien  a g.is  bubble  hit  on  one 
of  these  large  droplets,  movement  of  the  polarized  I iglit  extinction  contours  in  tlu’ 
droplet  could  he  observed,  even  though  the  droplet  i t se  I t diil  not  move.  A moving 
g.is  bubble  can  apparently  apply  a stress  to  the  mesoph.asi>  droplet  , which  tries  to 
relieve  the  stress  by  rearrangement  of  the  large  planar  molecules  in  tlu‘  mi'sophase. 
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FIG  62  MESOPHASt  DROPLETS  SHOWING  A TORN  SURFACE  WITH  ONLY 
PARTIAL  CONTACT  WITH  THE  COVER  GLASS 
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Figure  53  gives  an  example  of  a curved  string  of  coaJi'Sced  mesophase  droplets 
resulting  from  tlie  slow  formation  of  a large  (1.5  - 2 mm)  gas  hul>ble  in  region  A. 
Mesophase  droplets  were  pushed  along  the  gas-liquid  interface  as  the  gas  bubble 
formed.  The  increasing  size  of  the  bubble  crowded  tnesopliase  droplets  together  along 
the  gas-liquid  interface,  causing  them  to  coalesce.  Wlicn  the  gas  bubble  collapsed 
as  the  volatile  by-products  escaped  from  the  sample,  the  region  occupied  by  the 
bubble  was  rapidly  filled  with  untransformed  pitcii.  The  more  viscous  mesophase 
droplets  remained  in  place,  outlining  the  original  liquid-gas  interface.  The  plioto- 
mlcrograph  shown  in  Figure  53,  page  69  was  taken  tlirough  the  top  cover  glass  using 
reflected  polarized  light.  Figure  54,  page  69  shows  the  same  area  photographed 
through  the  bottom  cover  glass.  These  figures  illustrate  that  once  tlie  mesopliase 
droplets  become  as  large  in  diameter  as  the  sample  is  lltick  (about  50  - 60  pm) 
they  wet  the  top  and  bottom  glass  slides.  Droplets  of  tills  size  show  the  same 
general  characteristics  when  observed  from  either  side  of  the  sample.  However,  the 
molecular  order  in  a single  droplet,  and  therefore  the  polarized  light  extinction 
contours,  is  usually  mU  tlie  same  at  the  top  and  bottom  of  the  sample. 

A band  of  coalescetl  mesophase  was  observed  to  some  extent  around  the  edge  of 
all  samples  (see  Figure  55).  In  general,  the  mesophase  droplets  next  to  this  band 
of  coalesced  mesophase  were  larger  in  size  than  droplets  a mm  away  from  the  edge  of 
the  cover  glass  (provideil  no  bubble  percolation  had  occurred  in  the  region).  There 
are  several  possible  explanations  for  this  observation.  Since  the  a;imple  and  glas.s 
slides  were  placed  in  a recess  in  the  heated  copper  block  (see  Figure  11,  page  28), 
it  is  possible  that  the  temperature  around  the  edge  of  the  sample  was  higher.  This 
would  cause  a faster  rate  of  mesophase  growth  near  the  sample  edge.  ilxygen  present 
in  amounts  greater  than  about  5%  by  weight  is  known  to  cause  formation  of  an 

isotropic  coalesced  mesophase  (see  page  32).  These  hot  stage  e.xperiments  were  con- 
ducted in  air,  and  one  cannot  rule  out  the  possibility  that  the  coalesced  mesophase 
band  along  the  sample  edge  is  a result  of  reactions  involving  oxygen.  However,  in 
two  experiments  large  gas  bubbles  were  observed  to  repeatedly  push  mesophase  droplets 
to  the  edge  of  the  sample,  where  coalescence  occurred  to  produce  a band  of  coalesced 
mesophase.  A similar  effect  is  shown  in  Figure  56,  region  15,  in  which  gas  bubbles 

have  pushed  mesophase  droplets  from  A to  B.  The  result  is  a rapid  build-up  in  the 

size  of  the  co.alesced  mesophase  droplets  at  the  edge  of  the  liquid  in  region  15. 

Except  in  the  case  of  the  "edge  effects"  as  ill\jstrated  in  Figure  56,  region  15, 

strings  of  coalesced  mesopliase  or  droplets  of  mesojihase  are  formed  parallel  to  the 
direction  of  gas  bubble  movement. 

The  size  of  the  coalesced  mesophase  regions  near  the  edge  of  the  glass  slides 
grew  larger  with  increases  in  temperature  or  time.  At  about  455°(1,  regions  of 
coalesced  mesophase  larger  than  1 mm  were  formed  next  to  the  sample  edge.  This 
coalesced  mesophase  had  not  been  subjected  to  bubble  percolation  and  as  shown  in 
Figure  57,  page  72,  produced  a fine  isotropic  microstructuri'  when  observed  under 
polarized  light.  Coalesced  mesophase  formed  by  bubble  percolation  had  a imudi 
larger  spacing  between  the  polarized  light  extinction  contours  as  illustrated  in 
Figures  58  and  59,  page  73. 

Figures  58  and  58  also  show  that  rapid  forced  coalescence  of  meso|ihase  droplets 
due  to  bubble  percolation  leads  in  many  cases  to  entrapment  of  unt ransi ormed  pilch 
within  the  coalesced  mesophase.  Mesophase  droiiK’ts  V(iill  form  inside  these  out  raiiped 
pools  of  unt rans formed  pitidi  if  the  pyrolysis  is  continued. 
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FIG.  53.  COAl  ESCE»  MESOPHASE  DROPLETS  OUTLINING  ONE  SIDE  OF  A 
GAS  BUBBLE  VliUlCH  FORMED  DURING  HOT  STAGE  PYROLYSIS  OF 
ACENAPHTHYLENE 


FIG  54. 


PHOTOGRAPH  OI  THE  BO  I TOM  SIDE  OI  THI  AlU  A SHOWN  IN  TIGURE  53 
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FIG.  57.  COALESCED  MESOPHASE  WITH  AN  ISOTROPIC  MICROSTRUCTURE 

FORMED  DURING  HEATING  ACENAPHTHYLENE  TO  APPROXIMATELY 
455°C  ON  THE  MICROSCOPE  HOT  STAGE 
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A wide  variety  of  polarized  light  extinction  contours  was  observed  in  the 
coalesced  mesophase,  and  examples  are  given  in  Figures  60  througli  63,  pages  75  and 
76.  One  feature  common  to  all  the  examples  of  coalesced  mesophase  microstructure 
is  the  high  concentration  of  extinction  crosses.  Extinction  crosses  are  known^^  to 
be  a result  of  the  coalescence  of  mesopiiase  spheres.  The  molecular  arrangements 
which  produce  the  extinction  crosses  when  the  sample  is  observed  under  polarized 
light  (crossed  polarizers)  have  also  been  determined  by  White,  et  al.^2 
this  study,  regions  of  coalesced  mesophase  larger  than  500  iim  in  size  which  were 
formed  as  a result  of  bubble  percolation  were  consistently  found  to  have  extinction 
crosses  stretched  out  in  one  direction  as  shown  in  Figures  62  and  63,  page  76.  As 
illustrated  at  A in  Figure  62,  page  105,  the  polarized  light  extinction  crosses  took 
on  an  appearance  which  resembled  parallel  lines.  It  is  not  knowm  if  deformation  due 
to  bubble  percolation  causes  the  molecular  rearrangements  which  produce  the  stretched 
out  extinction  crosses.  Deformation  and  stretching  of  the  coalesced  mesophase  by 
gas  bubbles  was  so  severe  in  some  cases  that  the  coalesced  mesophase  was  tom  apart 
as  shown  in  Figure  64,  page  77.  Since  this  usually  occurred  in  less  than  10  seconds, 
it  was  not  possible  to  determine  how  the  polarized  light  extinction  contours  changed 
as  the  coalesced  mesophase  was  being  deformed  by  a gas  bubble.  However,  deformation 
of  the  coalesced  mesophase  lust  prior  to  hardening  has  been  reported  by  Wliite  and 
Price^^  to  form  the  fine  fibrous  microstructure  characteristic  of  needle  cokes. 

Although  the  usefulness  of  hot  stage  microscopy  in  studies  of  mesophase  formation 
has  been  demonstrated  in  this  work,  the  observations  must  be  interpreted  with  caution. 
The  behavior  of  a liquid  crystal  film  between  glass  slides  may  be  different  from  that 
which  occurs  in  bulk  samples.  Some  of  the  conclusions  resulting  from  observations 
made  during  hot  stage  pyrolysis  of  acenaphthylene  would  be  expected  to  be  invalid  for 
pyrolysis  studies  conducted  on  bulk  samples.  For  example,  the  "edge  effects"  dis- 
cussed on  pages  69-71  would  not  occur  during  pyrolysis  of  bulk  samples  in  large  test 
tubes.  Cas  bubbles  can  move  in  only  two  dimensions  in  samples  pyrolyzed  between 
glass  slides  on  the  hot  stage.  As  a result,  mesophase  droplets  are  pushed  togetlier 
and  forced  to  coalesce  by  gas  bubble  movement.  The  coalesced  droplets  form  an  outline 
of  the  bubble  path.  Once  these  mesophase  droplets  become  firmly  attached  to  the 
glass  slide,  additional  bubble  movement  in  the  same  region  will  usually  follow  the 
previously  established  bubble  path. 

At  some  point  after  mesophase  formation  begins  during  pyrolysis  of  acenapiithylene 
in  test  tubes,  the  size  and  number  of  mesophase  spheres  becomes  so  large  that  gas 
bubble  percolation  could  not  occur  witiiout  pushing  numerous  mesophase  spheres  together. 
Therefore,  it  is  believed  thiit  bubble  percolation  in  bulk  samples  leads  to  accelerated 
coalescence  in  a manner  similar  to  that  observed  during  the  hot  stage  pyrolysis 
experiments.  In  bulk  samples,  gas  bubbles  produced  during  pyrolysis  are  free  to  move 
randomly  in  three  dimensions  and  are  less  likely  to  repeatedly  move  along  the  same 
path  as  in  the  hot  stage  pyrolysis  experiments.  Therefore,  one  would  not  expect  to 
see  strings  of  coalesced  mesophase  splieres  outlining  bubble  paths  in  samples  pyrolyzed 
in  bulk.  As  the  mesophase  transformation  nears  completion,  the  viscosity  and  percent 
of  coalesced  mesophase  increases  to  an  extent  that  any  bubble  percolation  in  bulk 
samples  would  cause  stretching  and  tearing  of  the  mesophase  as  observed  during  hot 
stage  pyrolysis  (See  Figure  64,  page  77). 
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FIG.  62.  STRETCHED  OUT  EXTINCTION  CROSSES  IN  THE  COALESCED  MESOPHASE 


« TINCtlON  CROSSES  DEFORMED  TO  PROOUCE  NEARLY 
-HAl  I H LINES  IN  THE  COALESCED  MESOPHASE  FROM 


•i  ..SIS  OF  ACENAPHTHYLENE 
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FIG,  64.  MESOPHASE  DROPLETS  STRETCHED  AND  TORN  APART 
DUE  TO  STRESSES  CAUSED  BY  GAS  BUBBLE  FORMATION 
AND  MOVEMENT 
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3.  Formation  of  Fibrous  Extinction  Crosses 

The  type  of  microstructure  illustrated  by  Figure  65  has  been  observed  in  six 
different  samples  of  acenaphthylene  pyrolyzed  in  the  microscope  hot  stage  at  tempera- 
tures between  420°C  and  450°C.  However,  it  has  never  been  observed  in  samples  of 
acenaphthylene  pyrolyzed  in  test  tubes.  As  shown  in  Figure  65,  regions  as  large  as 
1 mm  have  been  observed  in  which  only  extinction  crosses  of  various  sizes  are  present. 
The  crosses  are  all  orientated  in  the  same  direction  and  have  a fibrous  or  thread-like 
character.  In  one  case  (see  Figure  66)  an  extinction  cross  of  about  1 mm  in  diameter 
was  observed  in  an  acenaphthylene  sample  heated  to  about  450°C.  This  type  of  ext inc- 
tion  cross  observed  using  polarized  light  may  be  classified  as  a co-rotating  crossl2 
or  a fixed  type  integral  nucleus®^  since  the  brushes  of  the  cross  rotate  clockwise 
as  the  plane  of  polarization  of  the  incident  light  is  rotated  clockwise  (see  Figure 
67,  page  80).  Regions  composed  of  fibrous  extinction  crosses  have  been  observed 
next  to  the  top  and  bottom  cover  glasses  using  reflected  polari;.ed  light.  Tiie  same 
patterns  were  also  observed  using  transmitted  polarized  light. 

Some  samples  heated  on  the  hot  stage  did  not  produce  the  fibrous  extinction 
crosses.  When  present,  the  fibrous  crosses  were  always  observed  ^o  occur  together 
in  a cluster  in  only  one  region  of  the  sample,  and  were  near  the  edge  of  the  liquid 
film  between  the  glass  slides.  The  fibrous  extinction  crosses  were  usually  observed 
in  a thin  film  attached  to  either  the  top  or  bottom  cover  glass.  This  film  was  thin 
compared  to  the  thickness  of  the  mesophase  sample  between  the  cover  glasses.  In 
some  cases,  droplets  of  coalesced  mesophase  are  left  attached  to  the  glass  slides 
when  gas  bubbles  rapidly  push  the  fluid,  untransformed  pitch  material  away.  Since 
the  bulk  mesophase  is  opaque,  regions  of  coalesced  mesophase  appear  black  wlien 
observed  using  transmitted  light  as  in  Figure  68.  The  white  areas  in  Figure  68 
represent  regions  where  there  is  no  pitch  or  mesophase,  or  regions  where  there  is 
a thin  film  which  is  transparent.  Gray  areas  surrounded  by  black  in  Figure  68  also 
represent  thin  film  regions  somewhat  transparent  to  light.  The  same  area  observed 
using  reflected  polarized  light  is  illustrated  in  Figure  69.  Fibrous  extinction 
crosses  appear  in  those  regions  which  were  shown  in  Figure  68  to  contain  transparent 
thin  films.  if  one  were  to  illustrate  this  with  a diagram,  it  would  appear  as 
given  below: 
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FIG.  65,  FIBROUS  EXTINCTION  C 
ACENAPHTHYLENE  PYR' 
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CLOCKWISE  ROTATION  OF  THE  PLANE  OF  POLARIZED  LIGHT  (CROSSED  POLARIZERS) 
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FIG  68.  TRANSMITTED  LIGHT  PHOTOMICROGRAPH  OF  ACENAPHTHYLENE 
PYROLV2ED  ON  THE  HOT  STAGE 


FIG  69  RFFl  FCTt  D POLARI/TD  I IGHT  (CROSSED  POLARI7LRS) 

PHOTOMICROGRAPH  OF  1 HE  SAMF  REGION  SHOWN  IN  FIGURE  68 
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The  glass  slides  containing  pyrolyzed  samples  of  acenaphthylene  were  separated 
In  three  instances.  Fibrous  extinction  crosses  were  observed  using  reflected  polar- 
ized light  directed  on  the  surface  of  the  pyrolysis  residue.  The  thin  film  on  a 
cover  glass  containing  the  fibrous  extinction  crosses  was  easily  scraped  from  the 
glass  surface  with  a needle  point. 

Fibrous  extinction  crosses  are  different  from  the  normal  extinction  crosses 
observed  in  cross  sections  of  an  ideal  mesophase  sphere  (Figure  70),  coalesced 
mesophase  droplets  (Figure  71,  page  84),  or  large  regions  of  coalesced  mesophase 
formed  between  glass  slides  on  the  liot  stage  (Figure  72,  page  85).  Extinction 
crosses  in  the  mesophase  from  acenaphthylene  or  any  other  organic  have  never  been 
reported  to  have  the  fibrous  brushes  as  shown  in  Figure  66,  page  79.  The  fibrous 
crosses  were  observed  in  one  sample  of  acenaphthylene  heated  to  380°C  - 400°C  on 
the  hot  stage.  In  this  experiment,  no  mesophase  was  formed.  These  results  indicate 
that  the  fibrous  extinction  crosses  are  a result  of  crystallization  of  some  organic 
by-product  produced  during  the  pyrolysis  of  acenaphthylene.  Since  it  forms  in  a 
thin  film  on  the  cover  glasses  near  the  edge  of  a pitch-mesophase  region,  it  probably 
is  a volatile  by-product  which  condenses  and  crystallizes  on  rapid  cooling  of  the 
sample  to  room  temperature  (possibly  polyacenaphthylene).  Microstructures  similar 
to  those  shown  in  Figures  65-67,  pages  79  and  80  are  common  in  liquid  crystal 
systems  such  as  cholesteryl  acetate,®^  and  polymers  such  as  polyethylene  and  poly- 
carbonates crystallized  from  the  melt.®^ 
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FIG  70  POLISHED  CROSS  SECTION  OF  AN  IDEAL  MESOPHASE  SPHERE  SECTIONED 
PERPENDICULAR  TO  ITS  AXIS  ABOVE  OR  BELOW  THE  MEDIAN  PLANE 
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FIG.  72.  EXTINCTION  CROSSES  IN  COALESCED  WIESOPHASE  FORMED  DURING 
PYROLYSIS  OF  ACENAPHTHYLENE  ON  THE  MICROSCOPE  HOT  STAGE 
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CHAPTER  V 

CONCLUSIONS  AND  RECOMMENDATIONS 

Mesophase  sphere  formation,  growth,  and  coalescence  during  pyrolysis  of 
acenaphthylene  is  time-temperature  dependent.  For  the  particular  heating  cycle 
used  in  this  study,  mesophase  sphere  formation  began  at  approximately  400°C.  Sphere 
growth  and  coalescence  continued  during  pyrolysis  until  the  entire  sample  was  trans- 
formed into  the  coalesced  mesophase  between  466°C  and  500°C.  The  mesophase  formed 
during  acenaphthylene  pyrolysis  is  fluid  over  a wide  temperature  range  (from  about 
400°C  to  at  least  466°C)  and  has  a high  solidification  point  (between  466°C  and 
500°C).  Both  of  these  characteristics  is  indicative  of  a highly  graphitizing 
organic. Above  450°C,  a small  percent  (*20%)  of  the  coalesced  mesophase  was 
observed  to  form  the  fine  fibrous  microstructure  which  is  characteristic  of  highly 
graphitizing  needle  cokes.  The  fine  fibrous  microstructure  was  usually  associated 
with  gas  bubbles.  This  provides  additional  evidence  to  support  White's  suggest ion^'^ 
that  gas  bubble  percolation  through  a fluid  coalesced  mesophase  just  prior  to  meso- 
phase solidification  is  responsible  for  formation  of  the  fine  fibrous  microstructure. 

The  usefulness  of  hot  stage  microscopy  as  a technique  for  investigating  meso- 
phase formation  was  demonstrated  in  this  study.  Direct  observation  of  mesophase 
formation  in  acenaphthylene  during  hot  stage  pyrolysis  revealed  that  gas  bubbles 
move  mesophase  droplets  around,  crowd  them  together  along  the  gas  bubble-liquid 
pitch  interface,  and  cause  the  droplets  to  coalesce.  Apparently,  a mechanical  stress 
such  as  that  produced  by  gas  bubble  percolation  increases  the  rate  of  coalescence 
compared  to  that  which  would  normally  occur  in  the  absence  of  bubble  percolation. 

Gas  bubble  formation  and  percolation  also  stresses  the  coalesced  mesophase,  which 
must  constantly  undergo  rearrangement  of  the  ordered  molecules  to  relieve  the  applied 
stress.  The  physical  action  of  gas  bubble  percolation  must  now  be  added  to  tlie  list 
of  factors  which  control  the  mesophase  microstructure.  In  addition,  the  rate  of  gas 
bubble  percolation  and  the  temperature  at  which  pyrolysis  gases  are  formed  must  be 
considered  as  factors  which  may  influence  mesophase  growth  and  coalescence. 

In  order  to  develop  an  improved  understanding  of  how  tlie  various  types  of 
mesophase  microstructure  are  formed  during  acenaphthylene  pyrolysis,  several  areas 
of  study  should  be  pursued.  The  absence  of  the  fine  fibrous  microstructure  in 
samples  pyrolyzed  on  the  hot  stage  is  believed  to  be  due  to  the  use  of  small  samples 
and  insufficiently  low  pyrolysis  temperatures  (455°C) . Therefore,  additional  hot 
stage  experiments  should  be  coulucted  at  temperatures  up  to  500°C  in  an  attempt  to 
observe  directly  the  formation  of  the  fine  fibrous  microstructure.  The  use  of 
thicker  samples  (0.5  cm  or  more)  would  also  allow  one  to  obtain  cross-sectional 
views  of  tlie  phenomenon  observed  directly  through  the  top  cover  glass.  Improved 
methods  of  measuring  sample  temperature  on  the  hot  stage  should  be  developed  to 
provide  an  accurate  method  for  determination  of  tiie  temperature-time  conditions 
necessary  for  mesophase  formation  during  the  pvrolvsls  of  organic  materials. 

Since  the  fine  fibrous  mic ros t riu- 1 ure  of  needle  cokes  is  believed  to  n-sult 
from  deformation  of  a highly  fluiil  coalesciui  mesophase  bv  gas  bubble  percolation, 
it  should  be  possible  to  increase  the  pi>rcent  of  tlie  fim-  fibrous  microst  rue  t ura  1 
component  hv  application  of  a mechanical  stress  to  the  coalesced  mesophase  just 
prior  to  its  sol  idi  f icat  ion.  Such  an  approach  mav  leati  to  the  development  i' 1 a lU'W 
method  to  produce  improved  nei’dli'  cokes  for  use  in  artificial  grajihite  manul  act  urc . 
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